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There  has  been  increasing  scientific  and  technological  interest  in  particles  with 
nanometer  size  due  to  their  unique  properties  and  applications.  Magnetic  nanoparticles 
are  of  special  interest  due  to  their  applications  in  magnetic  recording  media  and 
magnetic  fluids.  Several  techniques  have  been  used  to  synthesize  a variety  of  magnetic 
particles  for  these  applications,  with  efforts  to  control  their  size,  shape  and  size 
distribution.  In  this  dissertation,  nanoparticles  of  magnetic  oxides  such  as  y-FcjOj, 
cobalt  ferrite,  barium  ferrite  and  doped  barium  ferrite  have  been  synthesized  using 
water-in-oil  microemulsions.  The  nanosize  droplets  of  water-in-oil  microemulsions 
have  been  used  as  constrained  reactors  for  the  synthesis  of  hydroxide  or  carbonate 
precursors  of  these  particles.  These  precursors  have  then  been  heat  treated  to  produee 
the  oxides.  These  oxide  nanoparticles  have  been  characterized  by  x-ray  diffraction, 
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transmission  electron  microscopy  and  magnetic  property  measurements.  Cobalt  ferrite 
and  barium  ferrite  nanoparticles  thus  synthesized  were  found  to  be  essentially  single 
domain,  with  high  coercivity  and  saturation  magnetization.  Barium  ferrite  particles 
were  also  doped  with  tin  and  cobalt  to  reduce  the  coercivity.  It  is  thus  possible  to 
obtain  barium  ferrite  particles  of  any  required  coercivity,  with  little  loss  in 
magnetization  by  varying  the  composition  of  the  dopants.  The  microemulsion  systems 
used  for  synthesis  reactions  were  characterized  using  solubilization  experiments  to  select 
a suitable  microemulsion  for  nanoparticle  synthesis.  A system  with  cetyl  trimethyl 
ammonium  bromide  as  surfactant,  1 -butanol  as  cosurfactant  and  octane  as  the  oil  phase 
was  found  to  have  the  maximum  solubilization  capacity.  Reaction  kinetics  studies  of 
these  microemulsion  systems  revealed  that  chain  length  compatibility  between 
cosurfactant,  oil  and  surfactant  is  a significant  factor  in  controlling  the  rate  of  the 
reaction.  Chain  length  compatibility  leads  to  a rigid  interface  which  slows  down  the 
reaction  rate  considerably.  The  other  important  factor  was  the  droplet  size  and  aqueous 
phase  concentration  in  microemulsion  droplets.  For  high  aqueous  concentrations, 
reaction  rate  increased  with  decrease  in  droplet  size  of  the  microemulsion. 
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CHAPTER  1 
INTRODUCTION 

1. 1 Importance  of  Nanoparticles 

Particles  with  nanometer  size  in  at  least  one  dimension  are  of  increasing 
scientific  and  technological  interest  [1].  There  is  clear  evidence  that  small  atomic 
clusters  (10-1000  atoms)  exhibit  novel  and  hybrid  properties  between  the  molecular  and 
bulk  solid-state  limits.  These  atomic  clusters,  or  "nanoparticles,"  as  they  are  sometimes 
called,  have  unique  properties  due  to  their  strong  chemical  bonding  and  electron 
delocalization.  The  large  fraction  of  atoms  residing  at  the  surfaces  and  grain  boundaries 
of  these  materials  also  leads  to  materials  with  novel  properties.  Because  of  their 
ultrafme  sizes,  and  surface  cleanliness,  these  particles  can  easily  overeome  conventional 
restrictions  of  phase  equilibria  and  kinetics,  leading  to  lowering  of  sintering  and  solid- 
state  reaction  temperatures,  and  increase  in  sintering  rate.  Such  nanoparticles  are  not 
only  of  basic  physical  interest,  but  have  also  resulted  in  important  technological 
applications  such  as  (a)  catalysis,  (b)  high-performance  ceramie  materials,  (c)  miero- 
electronic  devices,  and  (d)  high  density  magnetic  recording  [1-3].  For  example,  the 
study  of  nanoparticles  of  transition  metal  atoms  has  helped  researchers  understand  the 
origin  of  their  unique  chemical  properties  in  correlation  with  their  important  catalytic 
applications  [4].  Atomic  clusters  of  semiconductor  materials  have  hybrid  molecular- 
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solid  state  properties  as  these  particles  are  too  small  to  have  the  bulk  band  structure  [5]. 
This  leads  to  unique  electronic  and  optical  properties. 

Recently,  the  use  of  clusters  in  synthesizing  consolidated  materials  is  also  being 
pursued  actively  [1].  This  results  in  ultrafme-grained  materials  called  "nanophase 
materials"  [6-8]  which  may  contain  crystalline,  quasicrystalline,  or  amorphous  phases 
and  can  be  metals,  ceramics,  or  composites  with  rather  unique  and  improved 
mechanical,  electronic,  magnetic  and  optical  properties,  than  normal,  coarse-grained 
polycrystalline  materials.  Also,  new  micro-homogeneous,  multi-component  composites 
with  nanometer-sized  microstructures  can  be  synthesized  by  reacting,  coating  and 
mixing  various  types  of  nanophase  materials  [1]. 

1.2  Synthesis  of  Nanoparticles 

In  recent  years,  several  techniques  have  been  developed  for  the  synthesis  of 
various  types  of  nanoparticles.  A wide  range  of  gas  phase,  vacuum  methods,  and  liquid 
phase  techniques  have  been  used  to  synthesize  metals,  oxides,  sulfides,  carbides, 
nitrides,  chlorides  and  other  compounds  [1-9]. 

Gas  phase  techniques  involve  volatilization  of  a monomer  and  then  its 
condensation,  in  the  presence  of  an  inert  gas  or  vapor,  into  nanoparticles.  Uyeda  [10] 
has  extensively  studied  the  direct  evaporation  of  atomic  clusters  into  a gas  to  produce 
an  aerosol  by  using  a heated  crucible  or  oven.  Mean  particle  diameters  as  small  as  3-4 
nm  have  been  achieved  with  this  technique  and  can  be  controlled  by  the  length  of  the 
reactor  and  the  flow  of  the  inert  gas.  There  are,  however,  some  temperature  limitations 
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on  this  process  depending  on  the  type  of  oven  source  used.  Laser  vaporization  is 
another  technique  which  has  been  used  to  volatilize  monomers  to  produce  nanoparticles 
of  semiconductors  [11],  transition  metals  [12]  and  other  metals  [13].  In  this  method, 
oven  temperatures  up  to  10000°C  can  be  obtained  on  a very  short  time  scale.  Laser 
pyrolysis  employs  a CO2  laser  which  is  used  to  heat  up  a mixture  of  reactant  gas  and 
an  inert  carrier  gas  to  produce  a saturated  vapor  of  monomers.  These  monomers 
nucleate  and  condense  to  form  nanoparticles.  This  technique  has  been  used  by 
Haggerty  et  a/.  [14]  to  synthesize  nanoparticles  of  Si,  Si3N4  and  SiC,  and  by  Rice  et 
a/.  [15]  for  the  production  of  ZrB2  and  Ti02  and  Si/N/C  powder  [16]  of  100  nm. 

Vacuum  methods  involve  sputtering  a target  with  high  energy  ions  (e.g.  Ar  or 
Kr)  to  eject  atoms  and  clusters  from  a solid  surface,  or  using  laser  ablation  to  vaporize 
cluster  ions  from  solid  surfaces.  This  method  has  been  used  for  the  synthesis  of  C and 
Si  nanoparticles  among  other  types  of  particles  by  Woste  et  a/.  [17],  Gruen  et  a/.  [18] 
and  Lineberger  et  a/.  [19].  Although  gas  phase  and  vacuum  methods  have  the 
advantages  of  producing  very  small  particles  (below  10  nm)  of  high  purity,  with  a low 
degree  of  agglomeration,  in  most  cases,  it  is  difficult  to  control  particle  size  distribution 
due  to  the  fast  reaction  times.  Also,  due  to  the  high  temperatures  involved  in  these 
techniques,  a large  amount  of  energy  is  required  in  the  preparation  of  nanoparticles. 

Liquid  phase  methods  offer  versatility  in  producing  a wide  range  of  materials, 
with  a variety  of  shapes,  and  a much  better  control  of  size  distribution  can  be  obtained. 
Liquid  phase  techniques  may  be  broadly  categorized  as  homogeneous  or  heterogeneous. 
In  the  former,  the  system  consists  of  one  phase  and  precipitation  of  the  final  product 
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takes  place  out  of  this  phase.  In  heterogeneous  methods,  the  system  is  composed  of  one 
or  more  phases  prior  to  the  precipitation  of  the  final  product. 

Using  homogeneous  systems,  Zsigmondy  [20]  obtained  monodispersed  gold  sols 
by  reading  chloroauric  acid  with  formaldehyde.  A similar  method  was  used  by 
Takiyama  [21]  and  Turkevich  et  a/.  [22]  to  obtain  spherical  monodispersed  selenium 
[23,24],  nickel  [25],  silver  bromide  [26],  cuprous  oxide  [27],  sulfur  [28]  and  ferrous 
hydroxide  [29].  Other  methods  such  as  precipitation  from  homogeneous  solutions,  sol- 
gel  processing,  freeze  drying  [9,30-33]  have  also  been  widely  used  and  studied. 

Precipitation  from  poor  solvents  such  as  ethanol  has  been  used  to  synthesize 
sulfur  [34],  monodispersed  AgCl  [35],  lead  iodate  [36],  lanthanum  iodate  [37]. 
Matijevic  et  a/.  [3 8]  have  used  decomposition  with  acids  to  synthesize  cadmium  sulfide 
[38],  zinc  sulfide  [39],  and  lead  sulfide  [40].  Hydrolysis  reactions  have  been  used  to 
synthesize  Al(OH)3  [41],  a-FcjOj  [42]  and  TiOj  [43].  Berry  e/ a/.  [44-46]  have  obtained 
monodispersed  silver  halides  by  introducing  silver  nitrates  into  gelatin  solutions. 

Although  these  liquid  phase  methods  provide  good  control  of  size  distribution, 
problems  such  as  contamination,  poor  crystallinity  and  particle  agglomeration  still  exist. 
Precipitation  reactions  in  microemulsions  offers  a novel  and  versatile  technique  for  the 
synthesis  of  a wide  variety  of  nanoparticles  with  the  ability  to  precisely  control  the  size 
and  shape  of  the  particles  formed  [47-49].  The  cage-like  effect  in  microemulsions, 
where  the  droplets  act  as  constrained  nanosize  reactors,  limits  particle  nucleation, 
growth  and  agglomeration.  This  dissertation  focusses  on  using  water-in-oil 
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microemulsions  to  synthesize  a variety  of  magnetic  oxide  nanoparticles  which  may  have 
applications  in  high  density  particulate  magnetic  recording. 

1.3  Nanoparticles  for  Magnetic  Recording 

Recording  is  the  process  of  storing  information  in  a suitable  media  so  that  it  can 
be  used  (read-back  or  overwritten)  again  when  required  [217].  In  magnetic  recording, 
the  information  to  be  recorded,  whether  sound,  image,  or  numerical  data,  is  first 
converted  to  a time  varying  electrical  current  signal.  This  current  is  passed  through  the 
recording  head  which  consists  of  a small  coil  and  a gapped  magnet  which  intensifies 
and  localizes  the  resulting  field.  This  gap  is  in  close  proximity  to  the  recording 
medium  which  moves  relative  to  the  head.  The  recording  medium  consists  of  a 
magnetic  material  coated  or  deposited  on  the  surface  of  a tape  or  a disk.  The  signal 
current  creates  a magnetic  field  in  the  head  which  magnetizes  the  coating  such  that  the 
time  varying  input  current  signal  is  converted  into  a spatially  varying  magnetic  pattern 
along  the  surface  of  the  magnetic  medium.  This  is  the  writing  process.  In  the  read- 
back  process,  the  surface  is  again  moved  past  the  head,  or  past  a different  but  similar 
head.  Now,  the  field  arising  from  the  remanent  magnetization  of  the  surface  magnetizes 
the  gapped  magnet,  creating  a magnetic  flux  through  the  coil  around  the  head.  The 
relative  motion  between  the  head  and  the  medium  gives  rise  to  a time  varying  induced 
voltage  which  is  changing  with  the  spatially  changing  magnetization  of  the  surface. 
This  time  varying  voltage  is  the  output  signal.  There  are  two  distinct  types  of  magnetic 
recording,  longitudinal  and  perpendicular.  In  the  former,  the  preferred  axis  of 
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magnetization  of  the  magnetic  media  is  parallel  to  the  surface,  while  in  the  latter,  it  is 
perpendicular  to  the  surface  [217]. 

Ever  since  magnetic  recording  media  were  first  prepared,  extensive  efforts  have 
been  made  to  produce  improved  magnetic  dispersions  [50-52].  The  particles  used  for 
magnetic  recording  should  have  high  saturation  magnetization,  an  adequate  coercivity, 
be  single  domain  with  a domain  size  small  enough  to  record  with  satisfactory  resolution 
and  signal-to-noise  ratio,  but  large  enough  to  be  thermally  stable  [53,54].  Development 
of  small  particles  is  important,  since  a higher  number  of  particles  per  unit  volume  is 
needed  for  better  signal-to-noise  ratios  [55].  In  many  of  these  applications  it  is 
desirable,  or  even  essential,  to  employ  particles  uniform  in  size  and  shape.  The 
magnetic  oxides  used  extensively  for  particulate  magnetic  recording  are  y-Fe203,  Fe304, 
Co-doped  y-Fc203  and  Cr02  for  longitudinal  recording,  and  hexagonal  ferrites  like 
BaFe,20,9  for  high  density  perpendicular  recording. 

1.3.1  Requirements  of  Particulate  Recording  Media 

Magnetic  properties  of  a medium  have  a prime  influence  on  its  performance. 
This  places  some  primary  requirements  on  the  magnetic  materials  to  be  used  in 
recording  media.  Some  of  these  requirements  are  discussed  below. 

1.3. 1.1  Retentivitv 

The  retained  magnetization  intensity,  or  retentivity  (M,)  of  the  coated  tape  or 
disk  should  be  sufficiently  high,  since  it  determines  the  strength  of  the  field  sensed  by 
the  read-back  head  and  the  amount  of  information  that  can  be  stored  per  unit  volume. 
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The  retentivity  should  not  be  too  high  or  else  the  field  would  demagnetize  adjoining 
tracks  on  the  medium.  The  retained  magnetization  depends  on  the  intrinsic 
magnetization  of  the  magnetic  material  on  the  tape,  and  also  on  the  preferred  directions 
of  magnetization  of  this  material. 

1.3. 1.2  Coercivitv 

The  field  strength  required  to  cause  magnetic  reversal  in  a magnetic  material  is 
called  its  coercivity,  H^..  The  coercivity  of  a recording  media  should  be  large  enough 
to  prevent  unwanted  changes,  degradation  or  erasure  of  the  signal  during  storage  by 
small  magnetic  fields  in  the  vicinity.  On  the  other  hand,  coercivity  should  not  be  so 
large  as  to  prevent  successful  writing,  or  erasure  by  available  heads. 

1.3. 1.3  Switching  field  distribution 

The  coercivity  of  a magnetic  material  does  not  completely  characterize  its 
properties  for  recording  properties.  The  breadth  of  the  distribution  of  fields,  centered 
on  the  coercivity,  is  also  crucial.  This  can  be  expressed  in  a number  of  ways,  one 
common  way  is  to  denote  it  as  the  switching  field  distribution  (SFD).  This  is  defined 
as  the  ratio  of  AH  to  H^,  where  AH  is  the  full  width  at  half  maximum  of  the  dM/dH 
curve  at  H^  (see  figure  1.1).  A narrow  SFD  facilitates  the  writing  of  sharp,  well-defined 
magnetic  transitions,  and  therefore  contributes  to  the  ability  to  record  information  at 
high  densities.  A broad  SFD  not  only  diffuses  the  transitions,  but  it  also  can  lead  to 
easy  erasure.  Another  parameter  of  importance  is  the  squareness  ratio  (M/MJ,  which 
should  be  close  to  one  for  higher  retentivity. 
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Figure  1.1  Hysteresis  loop  (plot  of  magnetization  versus  applied  field)  for  a typical 
recording  medium  [217] 

1.3. 1.4  Anisotropy 

In  single  domains,  the  uniform  crystal  lattice  favors  electron  spin  alignment  and 
therefore  magnetization  in  certain  directions,  while  it  discourages  magnetization  in  other 
directions.  The  most  favored  magnetic  direction  is  called  the  easy  axis,  whereas  the 
least  favored  is  called  the  hard  axis.  This  phenomena  is  called  magnetic  anisotropy. 
When  a domain  is  forced  to  reverse  its  direction  of  magnetization  under  the  influence 
of  a sufficiently  strong  external  field,  its  magnetization  has  to  pass  through  a hard  axis. 
The  greater  the  anisotropy,  the  more  difficult  the  transition  and  higher  the  coercivity. 
The  types  of  anisotropy  affecting  magnetic  particles  in  recording  media  the  most  are 
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shape  anisotropy  and  crystal  anisotropy.  Shape  anisotropy  is  most  important  for 
magnetic  tapes  where  acicular  (needle  shaped)  particles  of  gamma  ferric  oxide,  or 
chromium  dioxide  are  used  for  magnetic  tapes.  These  particles  can  be  oriented  in  a 
preferred  direction  to  increase  the  retentivity,  the  squareness  ratio,  and  the  SFD.  Crystal 
anisotropy  can  be  increased  by  doping  materials.  An  example  is  the  doping  of  gamma 
ferric  oxide  by  cobalt  which  increases  the  crystal  anisotropy  and  the  coercivity  of  the 
material. 

1.3. 1.5  Particle  Size 

The  magnetic  characteristics  of  particles  used  for  recording  media  depend 
crucially  on  their  size  and  shape.  These  magnetic  particles  should  be  essentially  single 
domain,  i.e.  all  magnetic  moments  in  the  particle  should  magnetize  in  one  direction. 
For  any  magnetic  material  there  exists  a critical  size,  dg^,  below  which  it  remains  single 
domain.  There  also  exists  a characteristic  size  of  the  particle,  dgp,  below  which  the 
material  becomes  super-paramagnetic  at  the  temperature  of  operation.  Therefore,  the 
size  range  over  which  a magnetic  particle  is  useful  in  a storage  medium  is  dgp  < d < 
dsp).  It  is  evident  that  narrower  the  particle  size  distribution,  more  particles  would  fall 
into  the  above  size  range  and  better  the  quality  of  the  medium  [56].  Therefore,  the 
material  used  for  a high  quality  recording  medium  should  be  ultrafme,  chemically 
homogeneous,  stable,  with  narrow  particle  size  distribution  and  have  a predetermined 
shape.  These  requirements  demand  a reliable  and  reproducible  technique  for  their 
synthesis. 
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The  difficulty  of  obtaining  uniform-sized  nanoparticles  of  magnetic  oxides  stems 
from  the  fact  that  their  preparations  are  mostly  done  in  bulk  aqueous  media  in  which 
it  is  difficult  to  control  nucleation  and  grain  growth.  Conventional  techniques  for  the 
preparation  of  fine  particles  include  bulk  precipitation,  sol-gel  processing,  spray-drying, 
freeze-drying,  hot-spraying,  evaporation-condensation,  matrix-isolation,  laser  induced 
vapor  phase  reactions  and  aerosols  [31-33,57-59].  Generally,  in  most  types  of  fine 
particles  prepared  by  these  methods,  there  is  a polydispersity  in  the  particle  size 
distribution.  In  addition  it  is  usually  not  possible  to  precisely  control  the  size. 

In  order  to  try  and  overcome  these  difficulties,  in  the  present  work,  constrained 
nanosize  reactors  such  as  the  aqueous  cores  of  water-in-oil  microemulsions  have  been 
used  for  the  formation  of  uniform  sized,  microhomogeneous  nanoparticles  of  magnetic 
oxides. 


1.4  Thesis  Organization 

This  thesis  has  been  organized  into  seven  chapters.  The  present  chapter  gives 
an  introduction  to  the  importance  of  nanoparticles,  their  applications  and  a brief 
description  of  various  synthesis  routes.  Chapter  2 presents  an  overview  of 
microemulsions  and  a literature  review  on  the  synthesis  of  nanoparticles  using 
microemulsions.  Solubilization  experiments  for  the  characterization  of  microemulsion 
systems  used  for  nanoparticle  synthesis  is  described  in  Chapter  3.  Chapter  4,  describes 
the  synthesis  of  y-FejOj  and  cobalt  doped  iron  oxide  using  water-in-oil  microemulsions 
and  discusses  the  characterization  and  magnetic  properties  of  these  nanoparticles. 
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Chapter  5,  describes  the  synthesis  of  barium  ferrite  and  tin  and  cobalt  doped  barium 
ferrite  using  water-in-oil  microemulsions  and  discusses  the  characterization  and 
magnetic  properties  of  these  nanoparticles.  Chapter  6 describes  stopped-flow 
experiments  used  to  measure  reaction  kinetics  in  microemulsion  systems  used  for 
nanoparticle  synthesis.  Chapter  7 contains  the  conclusions  of  this  dissertation  along 
with  some  recommendations  for  future  work  which  include  ideas  about  scale-up  of  this 
process  using  recycle  and  re-use  of  the  organics. 


CHAPTER  2 

MICROEMULSIONS  AND  SYNTHESIS  OF  NANOPARTICLES 

2.1  Introduction 

A microemulsion  is  generally  defined  as  a thermodynamically  stable,  isotropic 
dispersion  of  two  relatively  immiscible  liquids,  consisting  of  microdomains  of  one  or 
both  liquids  stabilized  by  an  interfacial  film  of  surface  active  molecules  [60], 
Microemulsions  may  be  classified  as  water-in-oil  (w/o)  or  oil-in-water  (o/w)  depending 
on  the  dispersed  and  continuous  phases.  In  both  cases,  the  dispersed  phase  consists  of 
monodispersed  droplets  in  the  size  range  of  10  - 100  nm  [61], 

Microemulsions  were  first  introduced  by  Schulman  and  his  co-workers  in  1943 
[62],  They  attributed  the  spontaneous  formation  of  microemulsions  with  the  uptake  of 
water  or  oil  due  to  the  negative  transient  interfacial  tension  which  allows  the  free 
energy  to  decrease  as  the  total  oil-water  interfacial  area  increases  [62,63].  They 
explained  that  if  the  surface  tensions  were  positive,  the  ultimate  equilibrium  condition 
for  these  systems  would  be  to  separate  out  into  two  phases.  This  is  the  usual  case  with 
macroemulsions.  However,  if  the  interfacial  tension  becomes  negative  due  to  the 
surface  pressure  of  the  interfacial  film  being  greater  than  the  interfacial  tension  between 
the  water  and  oil  phases,  then  the  equilibrium  is  reverse  and  the  interfacial  area  tends 
towards  its  greatest  value.  This  will  necessitate  one  phase  to  break  up  into  the  greatest 


12 


13 


dispersion  of  droplets  according  to  the  maximum  interfacial  area  which  can  be  produced 
by  the  available  interphase  molecules.  The  negative  interfacial  tension  produced  by  the 
mixing  of  the  components  becomes  zero  or  a very  small  positive  number  of  the  order 
of  10'^- 10'^  mN/m,  and  the  dispersion  does  not  separate  at  equilibrium. 

During  the  past  fifteen  years,  studies  on  both  theoretical  and  experimental 
aspects  of  microemulsions  have  provided  a better  understanding  of  the  formation, 
properties,  and  phase  behavior  of  microemulsions  [64-70].  Due  to  their  importance  in 
various  technological  applications  such  as  enhanced  oil  recovery,  pharmaceutics,  and 
cosmetics,  the  structure  and  structural  transitions  of  microemulsions  have  been 
extensively  studied  using  x-ray  and  light  scattering,  ultracentrifugation,  spin  label 
probes,  dielectric  relaxation,  fluorescence  probes,  and  neutron  scattering  [71-83].  Hou 
et  al.  [84]  and  Leung  et  al.  [85]  have  studied  the  solubilization  capacity  and  phase 
equilibria  of  water-in-oil  microemulsions.  They  have  considered  two  phenomenological 
parameters,  namely  the  radius  of  spontaneous  curvature  of  the  interface  and  elasticity 
of  interfaces  to  formulate  the  theory  and  interpret  the  experimental  results.  They 
showed  that  solubilization  and  phase  equilibria  were  affected  by  the  molecular  structure 
of  the  interface  which  in  turn  depends  on  the  structure  of  the  oil,  alcohol  (co- 
surfactant), surfactant,  and  salinity  of  the  aqueous  phase. 

As  many  applications  depend  on  the  dynamics  of  microemulsions,  the 
characterization  of  the  size  and  shape  of  microemulsion  droplets  and  their  inter-droplet 
interaction  has  been  vigorously  pursued  recently.  Many  techniques  such  as  light 
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scattering,  small  angle  neutron  scattering,  fluorescence  quenching,  stopped-flow,  and 
electrical  conductivity  have  been  used  to  study  the  dynamics  of  microemulsions  [86-92], 
Microemulsions  are  industrially  relevant  due  to  their  applications  in  a number 
of  areas  [47],  The  interfacial  and  rheological  properties  of  microemulsions  are 
important  to  exploit  surfactant-enhanced  tertiary  oil  recovery  methods.  There  are  also 
obvious  applications  in  the  food  and  eosmetics  industries,  partieularly  using 
phospholipid  surfactants.  The  ability  to  precisely  control  the  size  and  stability  of  the 
mierostructure  domains  of  microemulsions  makes  them  useful  for  applieations  in  liquid 
membrane  technology  [47,93].  Microemulsions  also  provide  compartmentalized  liquid 
struetures  having  high  surface  area  and  can  therefore  be  used  as  novel  and  versatile 
media  for  chemieal  synthesis.  This  is  significant  for  potential  applications  in  enzymic 
reactions  in  microemulsions  [93].  Not  only  do  enzymes  retain  their  aetivity  in 
microemulsions,  but  in  water-in-oil  microemulsions,  the  thermodynamic  equilibrium  of 
reactions  is  shifted  so  as  to  favor  reactions  in  the  reverse  direction  as  compared  to 
aqueous  solution.  Another  potential  use  of  the  fluid  but  structured  microdomains  of 
microemulsions  is  in  the  preparation  of  sub-micron  or  nano-particles  of  a desired  size 
or  shape,  reflecting  the  structure  and  environment  of  the  aqueous  droplets. 

2.2  Microstructure  of  Microemulsions 

The  microstructure  of  microemulsions  has  been  studied  by  a variety  of 
techniques  such  as  x-ray  diffraction  [71],  dielectric  relaxation,  ultracentrifugation  [75], 
fluorescence  probes  [77],  neutron  scattering  [82,83],  electron  microscopy  [94],  and 
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recently  by  cryo-transmission  electron  microscopy  [95],  Microemulsions  have  generally 
been  described  as  spherical  droplets  with  diameters  ranging  from  10  to  100  nm,  with 
droplets  of  oil  dispersed  in  water  (o/w  microemulsion)  or  droplets  of  water  dispersed 
in  oil  (w/o  microemulsion).  It  has  now  been  shown  that  when  microemulsions  contain 
comparable  amounts  of  oil  and  water,  some  of  these  systems  may  show  a bicontinuous 
structure  [96,97].  Some  microemulsions  have  also  been  known  to  show  a cubic 
structure  [98]. 

Polydispersity  effects  have  been  noted  qualitatively  in  several  studies  on  water- 
in-oil  microemulsions  [99].  It  was  noted  that  if  the  interfacial  film  of  the 
microemulsion  is  flexible,  the  radius  of  the  droplets  is  not  strictly  fixed  but  is 
distributed  around  an  average  value  (polydispersity)  and  that  the  shape  of  the  droplets 
fluctuates.  The  droplets  of  a microemulsion  can  also  be  deformed  by  external 
perturbations.  These  deformations  may  result  from  thermal  fluctuations  or  due  to 
fluctuations  in  magnetic  field  in  the  case  of  diamagnetic  surfactants  [99]. 

Figure  2.1  shows  an  idealized  ternary  phase  diagram  of  an  oil-water-surfactant 
system  where  several  equilibrium  fluid  structures  have  been  illustrated.  As  one  moves 
along  the  water-surfactant  or  oil-surfactant  sides  of  the  triangle,  the  surfactants  can 
spontaneously  self-organize  to  form  micelles  or  reverse  micelles  at  low  surfactant 
concentrations.  As  the  surfactant  concentration  is  increased,  a variety  of  liquid 
crystalline  structures  are  formed.  These  micelles  and  reverse  micelles  also  swell  to 
form  o/w  and  w/o  microemulsions  respectively  as  the  concentration  of  oil  and  water  is 
increased.  The  phase  inversions  from  o/w  to  w/o  microemulsions  involves,  in  some 


16 


systems,  transitions  from  an  isotropically  clear  phase  to  a turbid  (two  phase)  region, 
back  to  a clear  phase.  However,  in  other  cases,  the  phase  inversion  may  be  continuous 
and  clear  as  the  system  goes  through  a transition  to  a bicontinuous  or  cubic  phase 
microemulsion.  This  was  first  imagined  by  Scriven  [97]  who  suggested  that  in  these 
cases  oil  and  water  form  two  intertwined  networks  separated  by  an  interfacial  film  of 
surfactants.  Hence,  in  this  situation,  droplets,  globules  or  aggregates  can  no  longer  be 
defined. 


Figure  2.1 


Idealized  ternary  phase  diagram  showing  schematic  representations  of 
several  equilibrium  fluid  structures  [95] 
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2.3  Phase  Behavior  and  Solubilization  in  Microemulsions 

The  phase  behavior  and  solubilization  capacity  of  microemulsions  depend  upon 
many  factors  such  as  salinity  [84],  temperature  [100-102],  composition  [84,100-102], 
structure  of  oil  phase  [84,100-102,104,105],  type  of  surfactant  [84,102]  and  cosurfactant 
[84,101,105-107].  The  solubilization  capacity  of  microemulsions  is  primarily  related 
to  the  size  of  the  droplets  at  the  limit  of  solubilization  where  phase  separation  is  first 
observed.  Thermodynamically,  the  equilibrium  radius  at  this  point  is  related  to  their 
free  energy.  Therefore,  several  researchers  have  used  a thermodynamic  approach  to 
study  solubilization  in  microemulsions.  Ruckenstein  e/a/.[107]  used  this  approach  to 
analyze  solubilization  in  both  w/o  and  o/w  microemulsions  by  considering  the  balance 
between  dispersion  entropy  and  interfacial  tension.  Their  predictions  were  in  qualitative 
agreement  with  experimental  results.  Another  approach  used  was  to  consider  the 
equilibrium  of  microemulsions  that  coexist  with  excess  fluid  by  stressing  the  importance 
of  the  curvature  of  the  interface  [108-110].  The  results  of  all  the  above  studies  showed 
correlations  between  the  chemical  structure  of  the  components  of  the  microemulsion  to 
its  solubilization  capacity,  fhey  predicted  that  solubilization  capacity  increased  in  o/w 
microemulsions  and  decreased  in  w/o  microemulsions  as  salinity  was  increased,  or  the 
area  of  polar  head  group  decreased,  or  oil  chain  length  decreased,  or  surfactant/ 
cosurfactant  ratio  increased.  These  predictions  are  in  good  agreement  with  most 
experimental  results  where  phase  equilibrium  is  dominated  by  the  curvature  of  the 
interface.  In  other  systems,  phase  equilibrium  and  solubilization  is  influenced  by 
entropic  contributions  [111]  and  attractive  interdroplet  interactions  [112-116]. 
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Figure  2.2  depicts  a pseudo  ternary  phase  diagram  for  a water/cetyl  trimethyl 
ammonium  bromide  (CTAB)/l-butanol/n-octane  system  showing  the  water-in-oil  (L2) 
and  oil-in-water  (L,)  microemulsion  regions.  When  a salt  is  dissolved  in  the  water 
phase  of  this  system,  the  water-in-oil  microemulsion  region  (L2)  becomes  much  larger 
as  seen  in  figure  2.3  [117].  In  this  system,  the  interdroplet  interactions,  rather  than  the 
curvature  of  the  interface  seem  to  influence  the  solubilization  capacity.  This  system  is 
similar  to  the  ones  used  for  nanoparticle  synthesis  in  this  thesis.  A detailed  discussion 
of  these  systems  is  given  in  Chapters  3 and  6. 


CTAB  + butanol 
(l;0.73  w/w) 


Figure  2.2  Pseudotemary  phase  diagram  of  water/l-butanol/CTAB/octane  system 
[117] 


CTAB  + 1-butanol 
(1:0.73  w/w) 
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Figure  2.3  Pseudoternary  phase  diagram  of  aqueous  phase/ 1-butanol/CTAB/octane 
system  [117] 

2.4  Thermodynamie  Stability  of  Microemulsions 

Microemulsions  are  formed  spontaneously  on  mixing  various  components  in  the 
required  ratio  (obtained  from  phase  diagrams)  and  remain  as  a stable  single  phase  as 
long  as  there  are  no  drastic  changes  in  the  temperature,  pressure  or  composition.  This 
is  in  contrast  to  emulsions  (or  macroemulsions)  which  require  considerable  energy  input 
(shaking,  stirring,  sonicating)  for  their  formation  and  will  eventually  phase  separate 
even  with  no  changes  in  temperature,  pressure  or  composition.  This  is  why 
microemulsions  are  termed  to  be  thermodynamically  stable. 
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The  primary  requirement  for  the  formation  of  a microemulsion  is  the  existence 
of  ultralow  interfacial  tension  at  the  oil-water  interface.  To  achieve  this,  sometimes  a 
cosurfactant  has  to  be  added.  It  has  been  suggested  that  the  existence  of  a large  amount 
of  surfactant  and  cosurfactant  at  the  interface  may  induee  a very  high  spreading 
pressure  large  enough  to  produce  negative  interfacial  tensions.  This  negative  interfacial 
tension  was  used  to  explain  the  spontaneous  formation  of  microemulsions  [63,94,118- 
121].  However,  as  shovm  by  Miller  and  Scriven  [122],  this  explanation  may  be  an 
oversimplification  as  it  ignores  other  factors  which  could,  in  principle,  contribute 
significantly  to  the  energy  change  that  accompanies  a small  deformation  of  the  interface 
while  the  interfacial  tension  is  still  positive  but  small.  One  of  these  factors  is  the 
entropy  effect  caused  by  the  diffuse  electrical  double  layers  near  the  interfaces.  They 
explained  that  for  a plane  interface,  the  destabilizing  effect  of  a diffuse  layer  is 
primarily  that  of  a negative  contribution  to  the  interfacial  tension.  In  such 

circumstances,  total  interfacial  tension,  including  the  contribution  of  the  diffuse  layer, 
is  approximately  zero  at  marginal  stability.  Their  analysis  showed  that  qualitatively 
similar  results  were  obtained  for  spherical  interfaces  also.  Thus,  dispersion  is  initiated 
by  fluctuations  and  instability  caused  by  the  interfacial  configuration  of  these  low 
tension  systems. 

Ruckenstein  et  al.  [66]  have  explained  the  thermodynamic  stability  of 
microemulsions  by  calculating  free  energy  changes  due  to  interfacial  tension,  interaction 
among  droplets  and  entropy  of  dispersion.  Thus  the  free  energy  change  due  to 
dispersion  (assuming  negligible  volume  change  on  mixing)  can  be  expressed  as 
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AG„=AU^-TAS„  [2-1] 

The  free  energy  change,  AG^,  consists  of  changes  in  the  interfacial  free  energy,  AG„ 
the  interaction  energy  among  the  droplets,  AG2,  and  the  effect  caused  by  the  entropy  of 
dispersion,  AG3.  The  interaction  forces  considered  here  are  the  van  der  Waals  attraction 
forces  and  the  electrical  double  layer  repulsive  forces.  The  competition  among  the 
various  terms  contributing  to  the  free  energy  change  determines  whether  or  not 
microemulsions  can  form. 

If  the  droplets  are  assumed  to  be  spherical,  the  increase  in  the  free  energy  caused 
by  the  creation  of  interfacial  area  is  given  by 


AG^  = 4:irR^m(f^+  f^)  [2-2] 

where  R is  the  radius  of  the  droplet,  f^  the  specific  surface  free  energy  of  the  uncharged 
surface,  f^  the  specific  free  energy  for  the  formation  of  the  double  layers  and  m is  the 
total  number  of  droplets  related  to  the  volume  of  the  dispersed  phase,  (jij,  by  the  relation 
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The  value  of  f^  can  be  found  using  the  Debye-Huckel  approximation,  while,  f^  is  equal 
to  the  surface  tension  for  a single  component  system. 

The  free  energy  change  due  to  interaction  among  droplets  depends  on  the 
interaction  potential,  U,  and  can  be  given  by 
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[2-4] 


The  interaction  potential  of  a particular  droplet  with  all  other  droplets  can  be  given  by 


where  g(r)  is  the  radial  distribution  function,  u(r)  is  the  pair  potential,  is  the  volume 
of  the  mixture  and  2R’  is  the  average  distance  between  the  centers  of  two  nearest 
droplets.  The  pair  potential,  u(r),  is  composed  of  two  parts,  the  van  der  Waals 
attraction  potential,  and  the  electrical  double  layer  repulsive  potential. 

The  increase  in  disorder,  leading  to  an  increase  in  entropy  of  the  system  upon 
dispersion  can  be  obtained  by  the  entropy  of  mixing  given  by 

AS^=;clnQ  [2-6] 

where  Q represents  the  number  of  configurations  of  a liquid  mixture  formed  from  N, 
molecules  of  the  continuous  phase  and  N2  molecules  of  the  dispersed  phase,  the  latter 
being  in  the  form  of  m equal  sized  droplets.  Lattice  models  have  been  used  to  evaluate 
Q and  determine  the  upper  and  lower  bounds  for  AS^,. 

The  variation  of  AG^  with  the  radius  of  the  droplet,  R,  has  thus  been  determined 


[2-5] 


at  constant  values  of  ^2  using 
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AG^iR)  = AG,  + AG2  - TAS^ 


[2-7] 


When  the  free  energy,  AG^,  is  negative,  spontaneous  formation  of 
microemulsions  occurs.  When  AG^  is  positive,  emulsions  can  be  produced,  which 
although  thermodynamically  unstable,  may  be  kinetically  stable.  The  value  of  R which 
yields  the  minimum  of  AG^,  denoted  by  R*,  is  the  most  stable  droplet  size  for  a given 
volume  fraction  of  the  dispersed  phase  and  may  be  obtained  from 


dAG« 

dR 


= 0 


[2-8] 


if  the  following  condition  is  satisfied  at  R=R* 


d^AG« 

di?2 


> 0 


[2-9] 


Using  these  equations,  Ruckenstein  et  a/.  [66]  obtained  curves  for  free  energy  as 
a function  of  radius  of  droplets,  R (see  figure  2.4).  For  cases  C and  D,  the  free  energy 
is  always  positive  and  therefore,  thermodynamically  unstable  emulsion  are  formed.  For 
cases  A and  B,  the  free  energy  change  is  negative  within  a certain  range  of  R,  and 
therefore  any  dispersion  of  droplets  having  a radius  within  this  size  range  forms 
thermodynamically  stable  microemulsions. 
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Figure  2.4  Variation  of  with  radius  of  the  droplet  [66] 

Several  other  studies  have  also  been  directed  towards  constructing 
thermodynamic  models  for  microemulsions.  These  can  be  divided  into  two  main 
groups.  The  first  one  is  a phenomenological  approach,  initiated  by  Talmon  et  a/.  [123] 
and  further  developed  by  De  Gennes  et  a/.  [68,1 11]  and  Widom  [124],  This  approach 
considers  the  oil  and  water  phases  as  continuum  liquids,  and  the  interface  as  a flexible 
sheet  similar  to  insoluble  Langmuir  monolayers  [125].  The  presence  of  salt  and  alcohol 
are  not  treated  directly,  but  through  energy  parameters  affecting  the  interface.  In  these 
models,  the  free  energy  is  calculated  as  a function  of  composition  for  a hypothetical 
homogeneous  phase.  This  can  then  be  used  to  generate  phase  diagrams.  Recently, 
Andelman  et  a/.  [126]  have  improved  on  these  models  by  considering  the  interface  to 
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be  an  incompressible  two-dimensional  fluid  and  improving  the  treatment  of  the  bending 
energy  of  the  interface. 

The  second  approach  is  based  on  the  construction  of  microscopic  lattice  models 
in  which  a cell  of  the  lattice  contains  only  a small  number  of  molecules.  This  approach 
was  initiated  by  Wheeler  et  a/.  [127]  and  was  later  extended  by  Widom  [128],  Schick 
et  a/.  [129]  and  Chen  et  a/.  [130]. 

2.5  Dynamic  Structure'  and  Reactions  in  Microemulsions 

Microemulsions  have  been  shown  to  have  a dynamic  structure  wherein  the 
droplets  of  the  dispersed  phase  are  diffusing  through  the  continuous  phase  and  colliding 
with  each  other.  These  collisions  are  inelastic  and  have  been  termed  "sticky  collisions" 
as  the  droplets  coalesce  and  temporarily  merge  with  each  other  but  subsequently  break 
to  form  separate  droplets  [88-90,131-138].  The  average  size  and  number  of  droplets 
remains  the  same  as  a function  of  time.  Like  all  colloidal  suspensions,  the  droplets  in 
microemulsions  are  strongly  influenced  by  inter-droplet  forces  arising  due  to  London- 
Van  der  Waals  forces  and  electrostatic  forces.  In  o/w  microemulsions,  the  latter  is  the 
dominant  force  as  the  polar  head  groups  face  the  exterior  of  the  droplets  [139-141].  In 
w/o  microemulsions,  as  the  continuous  phase  is  hydrophobic,  electrostatic  forces  are 
expected  to  be  negligible.  However,  the  strengths  of  these  attractive  forces  have  been 
found  to  be  two  to  three  orders  of  magnitudes  higher  than  that  obtained  from  theoretical 
calculations  of  Van  der  Waals  forces  of  attraction  [142-144]. 
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Two  mechanisms  have  been  suggested  to  explain  the  origin  of  attractive 
interactions.  Lemaire  et  a/.  [52mm]  argued  that  for  water-in-oil  microemulsions,  the 
tails  of  the  surfactant  molecules  residing  on  two  different  droplets  prefer  to 
interpenetrate  each  other  rather  than  to  be  in  contact  with  the  oil.  The  penetration  depth 
depends  on  the  length  of  the  cosurfactant.  The  overlapping  of  the  surfactant  films  and 
the  increased  proximity  of  the  water  cores  result  in  an  increase  of  the  van  der  Waals 
attraction.  This  mechanism  assumes  that  the  droplets  remain  undeformed. 

Safran  [17mm]  observed  that  a spherical  droplet  is  unstable  with  respect  to  shape 
fluctuations  which  lower  the  bending  energy  when  the  spontaneous  curvature  of  the  film 
is  much  less  than  the  actual  curvature  of  the  film.  Under  such  conditions,  the  fusion 
of  two  droplets  into  a dimer  at  constant  surface  area  and  volume  lowers  the  curvature 
energy.  This  mechanism  is  applicable  to  both  water-in-oil  and  oil-in-water 
microemulsions,  however,  it  does  not  explain  attractions  observed  in  microemulsions 
made  with  lipophilic  surfactants.  Thus  each  mechanism  alone  cannot  explain  attractive 
interactions  between  droplets  in  microemulsions,  but  both  mechanisms  together  may 
explain  most  of  the  experimental  observations. 

In  water-in-oil  microemulsions,  the  continuous  collisions  of  the  aqueous  droplets 
leads  to  coalescence  and  breaking  apart  of  droplets  resulting  in  a continuous  exchange 
of  solute  content  [90,132].  A schematic  representation  of  this  process  is  shown  in 
figure  2.5. 
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Figure  2.5  Schematic  representation  of  interdroplet  exchange  in  water-in-oil 
microemulsions 
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The  frequency  of  collisions  depends  upon  the  diffusion  of  the  aqueous  droplets 
in  the  continuous  media,  i.e.  oil,  while  the  exchange  process  depends  on  the  attractive 
interactions  between  the  surfactant  tails  and  the  rigidity  of  the  interface,  as  the  aqueous 
droplets  collide  with  each  other  [90].  It  is  important  to  recognize  that  every  collision 
between  two  droplets  may  not  result  in  coalescence  of  two  droplets.  The  fraction  of 
collisions  resulting  in  successful  coalescence  depends  on  the  surface  rigidity  or  surface 
elasticity.  Thus,  depending  on  the  components  of  the  system,  we  can  have  conditions 
ranging  from  perfectly  elastic  collisions  (i.e.  no  coalescence)  to  perfectly  inelastic 
collisions  (all  collisions  result  in  coalescence). 

For  reactions  in  water-in-oil  microemulsions  involving  reactant  species  totally 
confined  within  the  dispersed  water  droplets,  a necessary  step  prior  to  their  chemical 
reaction  is  the  exchange  of  reactants  by  the  coalescence  of  two  droplets.  When 
chemical  reaction  is  fast,  the  overall  reaction  rate  is  likely  to  be  controlled  by  the  rate 
of  coalescence  of  droplets  [90].  Therefore,  properties  of  the  interface  such  as  interfacial 
rigidity  are  of  major  importance.  A relatively  rigid  interface  decreases  the  rate  of 
coalescence,  and  hence  leads  to  a low  reaction  rate.  On  the  other  hand,  a substantially 
fluid  interface  in  the  microemulsion  enhances  the  rate  of  reaction.  Thus,  by  controlling 
the  structure  of  the  interface,  one  can  change  the  reaction  kinetics  in  microemulsions 
by  an  order  of  magnitude  [145].  It  has  been  further  shown  that  the  structure  of  oil, 
alcohol  and  ionic  strength  of  the  aqueous  phase  can  significantly  influence  the  rigidity 
of  the  interface  and  the  reaction  kinetics  [86,145]. 


29 


Conceptually,  if  one  takes  two  identical  water-in-oil  microemulsions  and 
dissolves  reactants  A and  B,  respectively,  in  the  aqueous  phases  of  these  two 
microemulsions,  upon  mixing,  due  to  collision  and  coalescence  of  the  droplets,  the 
reactants  A and  B come  in  contact  with  each  other  and  form  AB  precipitate.  This 
precipitate  is  confined  to  the  interior  of  the  microemulsion  droplets  and  the  size  and 
shape  of  the  particle  formed  reflects  the  interior  of  the  droplet.  This  is  one  of  the 
principles  utilized  in  producing  nanoparticles  using  microemulsions  (see  figure  2.6a). 
However,  nanoparticles  can  also  be  produced  in  microemulsions  by  the  adding  a 
reducing  or  precipitating  agent,  in  the  form  of  a liquid  or  a gas,  to  a microemulsion 
containing  the  primary  reactant  dissolved  in  its  aqueous  core.  Figure  2.6b  shows  the 
formation  of  metallic  nanoparticles  by  adding  reducing  agents  such  as  hydrazine  or 
hydrogen  gas  in  the  microemulsion  containing  the  metal  salt.  Figure  2.6c  shows  the 
formation  of  oxide,  hydroxide  or  carbonate  precipitates  by  bubbling  gases  like  Oj,  NH3, 
or  CO2  through  a microemulsion  containing  soluble  salts  of  the  cations.  In  the  past 
decade  or  so,  several  researchers  have  used  these  techniques  to  synthesize  nanoparticles 
in  microemulsions.  These  articles  are  briefly  described  in  the  next  section. 
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AB  Precipitate  Forms 


Soluble  metal  salt 


ci> 


Add  reducing  agent 
(e.g.  hydrazine  or  hydrogen) 


(b) 


Reduction  Reaction  Occurs 


Metallic  Precipitate  Forms 


Soluble  salt  of  cation(s) 


Bubble  Gas  through  Microemulsion 


(c) 


Hydroxide  or  Oxide 
Precipitate  Forms 


Figure  2.6  Techniques  for  the  synthesis  of  nanoparticles  using  microemulsions 
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2.6  Particle  Synthesis  in  Microemulsions 

Synthesis  of  ultrafme  particles  using  reactions  in  microemulsions  was  first 
reported  by  Boutonnet  et  al.  [48]  when  they  obtained  monodispersed  metal  particles  (in 
the  size  range  3-5  nm)  of  Pt,  Pd,  Rh  and  Ir  by  reducing  corresponding  salts  in  water 
pools  of  water-in-oil  microemulsions  with  hydrazine  or  hydrogen  gas  (see  also  reference 
108).  Since  then,  there  have  been  several  reports  in  literature  where  microemulsions 
have  been  used  for  the  synthesis  of  a variety  of  nanoparticles. 

Metallic  nanoparticles  and  metal  clusters  have  a wide  range  of  applications, 
including  their  use  in  catalysis,  as  biological  stains,  and  as  ferro-fluids.  Touroude  et 
a/.  [147]  synthesized  bimetallic  particles  of  platinum  and  palladium  by  reduction  of 
H2PtCl6  and  PdClj  with  hydrazine  in  water/pentaethylene  glycol  dodecyl 
ether/hexadecane  microemulsions.  Similarly,  platinum  particles  have  also  been 
synthesized  in  aerosol-OT  (AOT)  and  cetyl  trimethyl  ammonium  bromide  (CTAB) 
based  microemulsions  for  applications  in  catalysis  [148,149].  Colloidal  gold  and  silver 
particles  have  potential  applications  as  condensers  for  electron  storage  in  artificial 
photosynthesis.  This  has  led  to  studies  by  Kurihara  et  a/.  [150]  on  laser  and  pulse 
radiolytically  induced  colloidal  gold  formation  in  w/o  microemulsions.  Wilcoxon  et 
a/.  [151]  have  used  laser  photolysis  for  the  synthesis  of  gold  nanoparticles.  Colloidal 
gold  and  silver  particles  have  also  been  synthesized  by  reduction  of  corresponding  metal 
salts  in  water-in-oil  microemulsions  using  sodium  borohydride  [152,153].  Pileni  et 
a/.  [154]  have  synthesized  metallic  copper  nanoparticles  using  copper  substituted  AOT 
surfactant  in  water-in-oil  microemulsions. 
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Colloidal  semiconductor  particles,  especially  cadmium  sulfide,  have  invoked  a 
lot  of  interest  due  to  their  unique  photochemical  and  photophysical  properties.  These 
properties  are  drastically  dependent  on  the  size  of  the  semiconductor  nanoparticles. 
Several  researchers  have  therefore  used  water-in-oil  microemulsions  for  the  synthesis 
of  such  nanoparticles.  Meyer  et  a/.  [155]  have  generated  platinized  colloidal  cadmium 
sulfide  in  situ  in  AOT  based  microemulsions.  Several  studies  have  recently  been 
published  on  the  synthesis,  growth  and  characterization  of  cadmium  sulfide  [49,156- 
165]  and  cadmium  selenide  [166]  particles  in  microemulsions. 

Colloidal  particles  of  calcium  carbonate,  stabilized  by  surfactants,  constitutes  an 
important  class  of  additives  for  oils  used  in  lubrication  for  internal  combustion  engines. 
Water-in-oil  microemulsions  thus  provide  an  ideal  media  for  the  synthesis  of  such 
particles.  This  has  been  exploited  for  the  synthesis  of  calcium  carbonate  [167-170], 
barium  carbonate  [171],  and  strontium  carbonate  [172]  particles  by  carbonation  of  their 
respective  salts  or  hydroxides  in  the  aqueous  cores  of  water-in-oil  microemulsions. 

Microemulsions  have  also  been  used  for  the  synthesis  of  monodisperse  particles 
of  nickel,  iron  and  cobalt  boride  particles,  which  have  applications  in  heterogeneous 
catalysis,  by  the  reduction  of  metal  salts  using  sodium  borohydride  [173,174].  Other 
nanoparticles  synthesized  in  water-in-oil  microemulsions  include  monodisperse  silica 
particles  [175-180],  ellipsoidal,  monodispersed  basic  copper  sulfate  nanoparticles  [181], 
ultrafine  Ti02  particles  [182],  Al(OH)3  particles  [183],  nano-size  molybdenum  sulfide 
particles  [184],  and  magnetic  particles  such  as  magnetite  [185,186]  and  maghemite 
[187]. 
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In  recent  years,  Shah  et  a/.  [117,188-195]  have  been  successful  in  synthesizing 
a variety  of  nanoparticles  using  different  microemulsion  systems.  These  include  in  situ 
synthesis  of  nanoparticles  of  AgCl  [188]  and  AgBr  [189];  and  microemulsion  mediated 
synthesis  of  highly  dense  and  microhomogeneous  Y-Ba-Cu-0  (123)  and  B-Pb-Sr-Ca- 
Cu-0  (2223)  high  temperature  ceramic  superconductors  [117,190,191],  high  coercivity 
barium  ferrite  for  high-density  perpendicular  recording  [191,192],  superparamagnetic 
Y-Fc203  nanoparticles  [193],  zinc  oxide  based  varistors  [194]  and  Ti02  nanoparticles 
[195].  The  synthesis  and  characterization  of  nanoparticles  of  y-Fe203  and  barium  ferrite 
using  microemulsions  is  described  in  Chapters  4 and  5. 


CHAPTER  3 

MICROEMULSION  CHARACTERIZATION 
3.1  Introduction 

Microemulsions  are  isotropic  mixtures  of  oil  and  water,  stabilized  by  an 
interfacial  layer  of  surfactant  (and  cosurfactant).  They  consist  of  droplets  of  one  phase 
dispersed  in  the  other.  In  water-in-oil  microemulsions,  water  or  aqueous  droplets  are 
dispersed  in  the  continuous  oil  (hydrophobic)  phase.  In  these  systems,  the  solubilization 
of  water  or  aqueous  phase  is  known  to  be  influenced  by  the  chemical  structure  of  the 
oil,  surfactant  and  cosurfactant  used  [104,105].  It  has  been  shown  that  there  exists  a 
preferred  oil  chain  length  which  solubilizes  more  water  for  a specific  surfactant/alcohol 
pair  than  others  [104].  Johnson  et  a/.  [105]  have  shown  that  in  microemulsions  with 
AOT  (anionic)  as  the  surfactant  and  Span-20  (nonionic)  as  the  cosurfactant,  the 
solubilization  of  water  reached  a maximum  at  a certain  value  of  the 
surfactant/cosurfactant  ratio.  Similar  results  were  reported  by  Leong  et  a/.  [196]  using 
acrylamide  as  cosurfactant. 

3.2  Theoretical  Aspects  of  Solubilization 

From  a theoretical  consideration,  the  solubilization  capacity  of  water  is  related 
to  the  radius  of  microemulsion  droplets,  which  is  then  thermodynamically  related  to  the 
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stability  of  microemulsions.  For  a microemulsion  composed  of  n spherical  droplets  of 
identical  radius,  the  following  expression  has  been  formulated  [84]; 


where  n^  and  are  the  number  and  individual  volume  of  the  surfactant  molecule,  n^ 
and  v^  are  the  number  and  volume  of  a water  molecule,  R and  A are  the  external  radius 
and  the  external  interfacial  area  occupied  by  each  surfactant  molecule.  From  the  above 
equations,  the  ratio  of  number  of  water  to  surfactant  molecules  can  be  written  as 


In  general,  A is  a very  weak  function  of  the  radius  for  reasonably  large  R and  tends 
toward  a well-defined  limiting  value  on  approaching  saturation  of  solubilization 
[68,202,203].  Thus,  i\/ns  is  proportional  to  the  radius  of  microemulsion  droplets,  as 
has  been  experimentally  observed  [204,205].  Using  values  obtained  at  saturation,  the 
solubilization  capacity  can  be  defined  as 


rig  A = n 4 


[3-1] 


^ (47Ti?U  /3 


[3-2] 


nJn^-AR/  {2vJ  - vjv^ 


[3-3] 


[3-4] 
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Therefore,  the  stability  of  a microemulsion  against  phase  separation  has  to  be 
examined  in  order  to  determine  the  value  of  R,^,.  The  basic  thermodynamic  treatment 
on  the  stability  of  microemulsions  was  initiated  by  Ruckenstein  et  a/.  [66, 107, 197].  In 
general,  the  free  energy  of  a microemulsion  is  primarily  decided  by  the  entropic 
contribution  of  the  dispersion  of  the  droplets  in  the  continuous  phase,  the  interfacial 
curvature  effect  and  the  interaction  between  droplets  [66,107,197-200].  Among  the 
above  considerations,  the  curvature  of  the  interface  and  the  interaction  between  droplets 
are  strongly  influenced  by  the  molecular  structures  of  the  interfacial  layer  (surfactant 
and  cosurfactant)  and  the  continuous  phase  [50,68,201].  Based  on  this,  two  types  of 
phase  separations  have  been  reported  in  literature  [50,111-113,116,198,201,  206-209], 
the  first  one  induced  by  curvature  and  the  second  induced  by  attractive  interaction 
among  microemulsion  droplets. 

3.2.1  Curvature  Effect  in  Microemulsions 

The  importance  of  the  curvature  effect  in  the  equilibrium  between  a water-in-oil 
microemulsion  and  excess  water  has  been  extensively  studied  [50,1 1 1,1 16,198,199,206]. 
This  effect  arises  because  adjacent  polar  heads  interact  differently  from  adjacent 
hydrocarbon  chains  leading  to  non-uniform  interaction  across  the  interfacial  layer.  This 
results  in  an  interfacial  bending  stress  which  can  cause  a flat  film  to  curve.  At  an 
equilibrium  condition  with  negligible  interfacial  tension,  an  interface  would  assume  an 
optimal  curvature,  1/R„,  known  as  spontaneous  curvature  [68,211].  The  curvature  effect 
thus  reflects  the  tendency  of  the  surfactant  interface  to  bend  towards  oil  or  water 
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through  the  radius  of  spontaneous  curvature  [84],  For  a single  phase  of  identical 
spherical  droplets,  the  interfacial  free  energy  per  unit  volume  / can  be  written  as 
[68,116,210-212] 

f.-{3(f>/R)[y  + 2K(l/R-l/Rj^]  [3-5] 

where  R is  the  actual  radius  of  the  droplets,  R„  the  radius  of  spontaneous  curvature  of 

droplets,  (j)  the  volume  fraction  of  droplets,  and  K is  the  rigidity  constant  of  the 
interface  [68,116,210]. 

Safran  et  a/.  [116]  have  shown  that  when  curvature  effect  is  dominant,  phase 
separation  occurs  whenever  R approaches  R„.  The  physical  origin  of  this  phase 
separation  exists  in  the  interfacial  energy  being  minimized  for  R s R„.  For  a small 
volume  fraction  of  water,  droplets  with  radius  R < R„  are  formed.  The  radius  of 
droplets  grows  as  water  is  added.  When  R reaches  R„,  the  curvature  energy  can  be 
minimized  by  expelling  the  excess  water  into  a separate  phase  so  that  all  droplets  are 
constrained  to  an  optimum  size,  R^. 

Mukherjee  et  a/.  [108]  and  Jeng  et  a/.  [109]  have  shown  the  influence  of  the 
chemical  structure  of  the  components  on  the  spontaneous  curvature  of  droplets.  In 
water-in-oil  microemulsions,  it  was  found  that  the  radius  of  spontaneous  curvature 
decreases  (and  hence  the  solubilization  capacity  of  water  decreases),  as  the  chain  length 
of  oil  decreases,  the  chain  length  of  cosurfactant  increases,  or  the  size  of  the  polar  head 
decreases.  For  systems  where  phase  instability  is  induced  by  the  curvature  effect 
leading  to  the  coexistence  of  microemulsion  phase  and  excess  water,  the  results  can  be 
summarized  as  shown  in  figure  3.1. 
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Chain  Length  of  Alcohol 


Figure  3.1  Effect  of  components  of  microemulsion  on  radius  of  spontaneous 
curvature  in  water-in-oil  microemulsions  [84] 

3.2.2  Attractive  Interaction  between  Microemulsion  Droplets 

Experimentally,  phase  separation  has  also  been  observed  in  microemulsions 
which  leads  to  the  coexistence  of  two  microemulsion  phases  having  the  same 
continuous  phase.  These  systems  are  characterized  by  a large  interaction  between  the 
microemulsion  droplets. 

If  the  solubili^tion  process  is  seen  as  a combination  of  the  growth  of 
microemulsion  droplets  and  the  mixing  of  these  droplets  with  the  continuous  oil,  then, 
in  the  initial  stage  of  solubilization  the  droplets  are  small,  and  therefore  stable  for 
binary  mixing.  However,  as  the  volume  of  water  solubilized  increases,  the  droplets  will 
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grow  as  indicated  in  equation  3-1.  At  a certain  point,  the  droplets  will  reach  a critical 
value  fulfilling  the  condition  for  binary  mixing.  Beyond  this  critical  point,  the 
binary  mixture  of  these  droplets  and  continuous  oil  becomes  unstable  and  separates  into 
two  phases  of  droplets  with  the  same  continuous  phase.  The  critical  droplet  radius 
increases  as  the  penetrable  length  of  the  interfacial  layer  during  collisions  decreases,  or 
with  decrease  in  the  molecular  volume  of  the  oil.  It  may  also  be  affected  by  the  chain 
length  of  the  alcohol  (cosurfactant)  and  salinity  as  shown  in  figure  3.2.  The  critical 
radius  increases  with  decrease  in  oil  chain  length,  increase  in  alcohol  chain  length 
and  increase  in  salinity. 


Chain  Length  of  Alcohol 


Figure  3.1  Effect  of  components  of  microemulsion  on  critical  radius  due  to 
interdroplet  interaction  in  water-in-oil  microemulsions  [84] 
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3.2.3  Solubilization  Capacity  in  Microemulsions 

For  a system  with  a very  rigid  interface,  the  attractive  interdroplet  interaction  is 
very  small.  Therefore,  it  may  be  neglected  when  compared  to  the  curvature  effect. 
Therefore,  the  radius  of  spontaneous  curvature  would  be  the  limiting  factor  in  this  case. 
Solubilization  can  be  improved  in  such  systems  by  decreasing  the  spontaneous  curvature 
of  the  interfacial  film  by  making  the  interface  more  fluid  (e.g.  by  using  a cosurfactant 
with  a shorter  chain  length,  or  by  increasing  the  amount  of  cosurfactant,  or  replacing 
the  continuous  component  with  larger  oil  molecules).  However,  this  will  also  increase 
the  interdroplet  attraction  between  droplets.  So,  this  improvement  will  be  limited  as  the 
increasing  value  of  R^,  meets  the  decreasing  value  of  R^.  Hence,  there  would  exist  a 
maximum  solubilization  of  water  in  a microemulsion  to  be  determined  by  the  various 
components  of  the  microemulsion  which  in  turn  determine  the  radius  of  spontaneous 
curvature  and  the  critical  radius  for  interdroplet  attraction.  Thus,  a systematic  change 
in  the  amount  and  structure  of  the  oil  and  cosurfactant  can  be  used  to  determine  the 
maximum  solubilization  for  a microemulsion  system.  The  experimental  studies  to 
measure  the  maximum  solubilization  described  in  the  following  sections  are  explained 
on  the  basis  of  the  above  discussions. 

3.3  Experimental  Procedure 

For  the  synthesis  of  magnetic  oxide  nanoparticles,  a suitable  microemulsion 
system  had  to  be  selected,  which  would  serve  as  a reaction  medium  for  the  precipitation 
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reactions.  The  main  criteria  for  selection  of  a microemulsion  system  were  that  (a)  the 
microemulsion  should  solubilize  a large  volume  of  aqueous  phase  so  that  the  yield  of 
the  reaction  is  high,  and  (b)  the  components  of  the  microemulsion  (surfactant  and  oil) 
should  not  interact  with  the  reactants  and  hinder  the  reaction.  The  presence  of  Fe^^  ions 
in  all  magnetic  oxides  led  to  the  exclusion  of  commonly  used  anionic  surfactants  such 
as  Aerosol  OT  as  they  are  known  to  react  with  Fe^"^  ions  and  precipitate.  Also,  water- 
in-oil  microemulsions  with  nonionic  surfactants  are  known  to  solubilize  low  volumes 
of  aqueous  phase.  Therefore,  a cationic  surfactant  was  selected  for  the  microemulsion 
system.  Water-in-oil  microemulsions  with  cetyl  trimethyl  ammonium  bromide  (CTAB) 
as  surfactant  and  a short  chain  alcohol  as  co-surfactant  are  known  to  solubilize  large 
volumes  of  aqueous  phase  [213].  This  system  was  the  basis  for  all  experimental  studies 
described  in  this  chapter. 

3.3.1  Materials 


Ferric  nitrate,  cetyl  trimethyl  ammonium  bromide  (CTAB),  tetradecyl  trimethyl 
ammonium  bromide  (C14TAB),  dodecyl  trimethyl  ammonium  bromide  (CjjTAB),  1- 
propanol,  1 -butanol,  1-pentanol,  1-hexanol,  iso-butanol,  iso-pentanol,  tert-pentanol,  n- 
heptane,  n-octane,  n-decane,  n-dodecane,  n-hexadecane  (all  technical  grade)  were 
purchased  from  Fisher  Scientific.  All  reagents  were  used  without  further  purification. 
Water  was  deionized  and  distilled  before  use.  All  experiments  were  carried  out  at  room 


temperature. 
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3.3.2  Methods 

Solubilization  studies  were  conducted  on  various  microemulsion  systems  to 
determine  the  optimum  composition  for  maximum  solubilization  of  ferric  nitrate  salt 
solutions  in  microemulsions.  The  solubilization  capacity  of  ferric  nitrate  solutions  was 
determined  by  gradually  adding  it  to  a mixture  of  surfactant,  alcohol  and  oil  under 
constant  stirring.  The  solubilization  capacity  was  taken  as  that  point  where  the  first 
visual  evidence  of  phase  separation  occurred.  (The  microemulsion  becomes  turbid  and 
separates  into  two  phases  after  some  time).  The  solubilization  capacity  "co„"  has  been 
defined  as 

^ ^ moles  of  ferric  nitrate  + moles  of  water  n-fil 

° moles  of  surfactant 

moles  of  cosurfactant  [3-7] 

moles  of  surfactant 


3.4  Results  and  Discussion 

Initial  studies  were  made  on  the  ferric  nitrate  (0.05  M)/CTAB/1 -butanol/octane 
microemulsion  system.  The  quantity  "z"  was  varied  (while  keeping  the  concentration 
of  CTAB  in  oil  constant  at  0.5  M)  and  the  solubilization  capacity  of  0.05  M ferric 
nitrate  solution  was  measured  at  various  ratios  (see  figure  3.3  for  the  result).  The 
solubilization  capacity  increased  up  to  z=5  and  then  decreased.  This  indicates  that  there 
are  two  mechanisms  controlling  the  solubility  in  this  system,  one  for  z<5  and  the  other 
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for  z>5.  When  z<5,  as  more  cosurfactant  (1 -butanol)  is  added  to  the  system,  it  resides 
at  the  oil- water  interface  until  saturation  is  reached  at  z=5.  This  increases  the  interfacial 

area,  thus  decreasing  the  curvature  of  the  interface,  and  increasing  the  radius  of  the 
droplets  and  facilitating  the  solubilization  of  more  ferric  nitrate  solution.  The  curvature 
effect  is  dominant  up  to  this  point.  There  is  a critical  droplet  radius  for  each  value  of 

z beyond  which  the  aqueous  phase  is  expelled  out  causing  phase  separation.  When  z>5, 
the  interface  is  saturated  with  butanol.  As  more  butanol  is  added,  it  partitions  into  the 

aqueous  phase.  This  results  in  an  increase  in  the  radius  of  the  droplet.  Therefore,  the 
microemulsion  is  unable  to  solubilize  large  amounts  of  the  aqueous  phase.  Thus,  phase 
separation  occurs  at  lower  values  of  co^.  This  point  (z=5)  is  called  the  maximum 
solubilization  capacity  for  this  microemulsion  system. 

Solubilization  studies  were  also  conducted  for  other  straight  and  branched  chain 
alcohols  like  1 -propanol,  1-pentanol,  1-hexanol,  iso-butanol,  tertiary  pentanol,  and  iso- 
pentanol  (figures  3.3  and  3.4).  All  alcohols  show  qualitatively  similar  results  as  1- 
butanol.  There  exists  a maximum  solubilization  capacity,  C0o"’“  for  a certain 
composition  of  alcohol/CTAB  for  each  microemulsion  system. 

All  straight  chain  alcohols  show  a lower  than  1 -butanol  as  shown  in  figure 
3.5.  As  chain  length  of  alcohol  increases  up  to  1 -butanol  (C4)  the  curvature  effect  is 
dominant  because  1 -butanol  partitions  better  at  the  interface  than  lower  chain  alcohols 
which  are  more  soluble  in  the  aqueous  phase.  Thus,  microemulsions  with  1 -butanol  as 
cosurfactant  have  a higher  radius  of  spontaneous  curvature.  Higher  chain  alcohols  are 
more  soluble  in  the  oil  phase  and  also  have  a smaller  radius  of  spontaneous  curvature 
than  1 -butanol.  The  branched  chain  alcohols  fluidize  the  interface  more  than  straight 
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chain  alcohols  leading  to  a higher  attractive  interaction  between  the  aqueous  droplets, 
which  decreases  the  stability  of  the  microemulsions  thus  decreasing  the  critical  radius, 
and  leading  to  phase  separation  at  lower  volumes  of  ferric  nitrate  solution.  Beyond 
this  radius,  a phase  containing  a very  low  density  of  aqueous  droplets  separates  from 
the  original  microemulsion  in  order  to  decrease  the  total  free  energy  of  the  system  [84], 
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Z (moles  of  alcohol/moles  of  CTAB) 


Figure  3.3  Effect  of  straight-chain  alcohol  cosurfactants  on  the  solubilization  of  0.05 
M ferric  nitrate  solutions  in  microemulsions 
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Z (moles  of  alcohol/moles  of  CTAB) 


Figure  3.4  Effect  of  branched-chain  alcohol  cosurfactants  on  the  solubilization  of 
0.05  M ferric  nitrate  solutions  in  microemulsions 


Chain  Length  of  Alcohol 

I 

Figure  3.5  Maximum  solubilization  capacity  of  0.05  M ferric  nitrate  solutions  in 
microemulsions  as  a function  of  alcohol  chain  length 
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In  the  next  experiment,  the  effect  of  oil  chain  length  on  the  solubilization 
capacity  of  microemulsions  for  ferric  nitrate  was  studied.  1 -butanol  was  chosen  as  the 
co-surfactant  for  all  these  experiments.  As  the  oil  chain  length  increases,  the  solubility 
of  CTAB  decreases,  thus  decreasing  the  interfacial  area  and  the  radius  of  droplets. 
Increasing  the  oil  chain  length  also  increases  the  interaction  between  the  droplets,  which 
also  lowers  the  solubilization  capacity.  This  can  be  seen  in  figure  3.6  which  shows 
maximum  solubilization  for  microemulsions  with  heptane  and  octane,  and  a decrease 
in  solubilization  with  increase  in  oil  chain  length. 
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Z (moles  of  1-butanol/moles  of  CTAB) 


Figure  3.6  Effect  of  oil  chain  length  on  the  solubilization  of  0.05  M ferric  nitrate 
solutions  in  microemulsions 
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Experiments  were  also  performed  for  different  surfactant  chain  lengths  (C,2,  C,4 
and  Cjs).  The  results  clearly  show  (figure  3.7)  that  maximum  solubilization  is  observed 
for  the  C,6  surfactant  (CTAB).  The  reason  for  this  result  is  that  CTAB  partitions  better 
at  the  interface  as  compared  to  the  other  two  sufactants  which  are  more  soluble  in  the 
aqueous  phase.  Therefore,  the  radius  of  spontaneous  curvature  is  higher  for  CTAB  and 
it  is  able  to  solubilize  larger  amounts  of  ferric  nitrate  solution. 


Z (moles  of  1-butanol/moles  of  surf.) 


Figure  3.7  Effect  of  surfactant  chain  length  on  the  solubilization  of  0.05  M ferric 
nitrate  solutions  in  microemulsions 
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From  these  experiments,  it  is  evident  that  the  microemulsion  system  which 
solubilizes  the  maximum  amount  of  ferric  nitrate  solution  should  have  CTAB  as  the 
surfactant,  1 -butanol  as  the  co-surfactant,  and  octane  as  the  oil.  The  best  composition 
was  determined  by  varying  the  concentration  of  CTAB  in  octane  and  studying  the 
solubilization  capacity  for  ferric  nitrate  solutions.  These  results  show  (figure  3.8)  that 
maximum  solubilization  occurs  at  a CTAB  concentration  in  octane  of  0.6  M. 


CQ 


Cone  of  CTAB  in  octane  (moles/liter) 


Figure  3.8  Effect  of  CTAB  concentration  on  the  solubilization  of  0.05  M ferric 
nitrate  solutions  in  microemulsions 
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Below  this  point  (0.6  M),  as  surfactant  concentration  increases,  it  resides  at  the 
interface,  thus  increasing  the  radius  of  spontaneous  curvature.  Beyond  this  point, 
saturation  of  the  interface  is  exceeded,  and  CTAB  partitions  into  the  oil  phase.  This 
increases  the  droplet  interaction,  thus  decreasing  the  stability  of  the  microemulsions  and 
decreasing  the  critical  radius  of  droplets. 

On  the  basis  of  all  these  experiments,  an  optimum  composition  for  a ferric 
nitrate  solution/CTAB/1 -butanol/octane  microemulsion  system  was  selected.  This 
composition  was  used  for  the  synthesis  reactions  described  in  the  following  chapter. 


CHAPTER  4 

SYNTHESIS  OF  IRON  OXIDE  USING  MICROEMULSIONS 

4,1  Introduction 


Nanometer-sized  magnetic  particles  are  the  subject  of  intense  research  because 
of  their  potential  applications  in  high  density  magnetic  recording  and  as  constituents  of 
magnetic  fluids  [53].  Since  1945,  with  the  sudden  growth  in  popularity  of  magnetic 
recording,  y-Fc203  in  the  form  of  small  single  domain  particles  has  dominated  the 
magnetic  materials  technology  [56].  Besides  their  technological  interest,  iron  oxide 
particles  play  an  important  role  in  the  functioning  of  some  biosystems  [214].  It  is  well 
known  that  some  bacteria  use  magnetic  particles  to  navigate  in  the  earth’s  magnetic 
field  [215].  There  is,  however,  lack  of  detailed  data  on  the  magnetic  properties  of  well 
dispersed  nanosize  iron  oxide  particles,  and  on  the  behavior  of  these  particles  in  relation 
to  their  synthesis  conditions  and  size  [216]. 

The  first  commercially  available  magnetic  recording  tapes  produced  in  the  late 
1940s  used  iron  oxide  particles  [217].  The  most  useful  of  the  iron  oxides  is  y-Fe203, 
which  still  retains  an  important  position  in  magnetic  recording  media,  due  to  its  great 
chemical  and  physical  stability.  Particle  size  and  formation  has  greatly  improved  in  the 
last  four-and-a-half  decades.  The  particles  used  in  recording  media  today  are  acicular 
in  shape.  This  shape  anisotropy  is  the  major  contributor  to  the  magnetic  anisotropy. 
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with  crystal  anisotropy  having  a minor  contribution.  This  gives  rise  to  useful  magnetic 
properties  in  terms  of  good  coercivity  and  squareness  ratio.  The  temperature 
dependence  of  magnetic  properties  for  y-FejOj  is  very  low  [217,218]. 

Typical  y-FcjOj  particles  used  for  magnetic  recording  media  are  acicular  with 

sizes  in  the  order  of  0.5  x 0.1  pm  (1  x d).  These  particles  are  non-porous  so  that  they 
provide  higher  densities  in  the  coating.  y-Fc203  currently  used  in  recording  media  have 

typical  coercivities  of  300-400  Oe  and  saturation  magnetization  densities  of  about  350 
emu/cm^  of  the  coating.  These  properties,  along  with  their  great  physical  and  chemical 
stability,  make  y-Fe^Oj  particles  suitable  for  magnetic  recording  applications  not 
requiring  high  recording  densities  [217,218]. 

y-Fe203  has  been  synthesized  by  a variety  of  methods  with  the  objective  of 
producing  uniform  sized  and  ultrafme  particles  which  can  be  used  to  produce 
dispersions  for  magnetic  media.  The  usual  method  of  preparation  of  y-Fe203  is  by 
reduction  of  a-Fc203  (synthesized  from  elongated  a-FeOOH  particles)  to  Fe304  and 
reoxidation  to  y-Fe203  [56,218,219].  These  particles  have  also  been  synthesized  from 
iron  (II)  carboxylate  by  using  iron  (II)  oxalate  dihydrate  [220-223].  Ozaki  et  a/.  [224] 
have  used  hydrothermal  aging  of  aqueous  solutions  containing  ferric  ions  in  the 
presence  of  small  amounts  of  phosphate  ions.  Nanosize  particles  of  iron  oxides  have 
also  been  synthesized  using  an  aerosol  technique  [225,226].  In  most  of  these 
techniques,  it  is  difficult  to  control  the  size  distribution  of  the  particles  formed.  This 
chapter  describes  the  synthesis  of  y-Fe203  nanoparticles  using  a microemulsion 
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mediated  proeess  wherein  the  nanosize  aqueous  droplets  of  water-in-oil  microemulsions 
are  used  as  constrained  nano-reactors. 

4.2  Synthesis  of  Y-Fe-,0, 

4.2.1  Experimental  Procedure 

4. 2. 1.1  Materials 

Ferric  nitrate  and  cobalt  nitrate  (>  99.99  % pure)  were  purchased  from  Aldrich. 
Ammonium  Hydroxide  solution  (>  38  % NH3);  cetyl  trimethyl  ammonium  bromide 
(CTAB)  (technical  grade);  and  n-butanol,  methanol,  and  chloroform  (all  of  HPLC 
grade)  were  purchased  from  Fisher  Scientific.  Octane  (>  97%  pure)  was  purchased 
from  Phillips  66.  All  reagents  were  used  without  further  purification.  Water  was 
deionized  and  distilled  before  use. 

4. 2. 2. 2 Methods 

Based  on  the  results  of  the  solubilization  experiments  discussed  in  Chapter  3,  a 
microemulsion  system  with  CTAB  as  the  surfactant,  1 -butanol  as  the  cosurfactant,  n- 
octane  as  the  oil  phase  and  an  aqueous  solution  as  the  water  phase  was  chosen.  This 
system  was  shown  to  solubilize  a large  amount  of  aqueous  phase  in  well-defined 
nanosize  droplets. 

Microemulsions  were  prepared  by  solubilizing  different  salt  solutions  into 
CTAB/n-butanol/n-octane  solutions.  Two  microemulsions  (microemulsion  I and 
microemulsion  II)  with  identical  compositions  (see  Table  4.1)  but  different  aqueous 
phase  were  taken.  This  composition  was  obtained  from  the  results  of  solubilization 
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experiments  deseribed  in  Chapter  3,  specifically  from  the  point  near  maximum 
solubilization  in  figure  3.8. 


Table  4.1  Composition  of  the  microemulsion  systems  used  for  the  synthesis  reactions 


Microemulsion  I 

Microemulsion  II 

Weight  fractions 

Aqueous  Phase 

0.05  M Fe(N03)3 

(NH4)0H 

0.41 

Surfactant 

CTAB 

CTAB 

0.11 

Co-surfactant 

n-butanol 

n-butanol 

0.10 

Oil  Phase 

n-octane 

n-octane 

0.38 

The  aqueous  phase  in  microemulsion  I was  a solution  of  ferric  nitrate  with  a 
concentration  of  0.05  M.  The  aqueous  phase  in  microemulsion  II  was  a solution  of 
ammonium  hydroxide,  the  precipitating  agent,  taken  in  a concentration  10%  greater  than 
that  required  stoichiometrically  for  complete  precipitation  of  ferric  hydroxide.  These 
two  microemulsions  were  then  mixed  under  constant  stirring.  Due  to  the  frequent 
collisions  of  the  aqueous  cores  of  water-in-oil  microemulsions  [90,132],  the  reacting 
species  in  microemulsions  I and  II  come  in  contact  with  each  other.  This  led  to  the 
precipitation  of  iron  hydroxide  particles  within  the  nano-size  aqueous  droplets  of  the 
microemulsion.  Since  the  two  microemulsions  (I  and  II)  are  of  identical  compositions. 
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differing  only  in  the  nature  of  the  aqueous  phase,  the  microemulsion  does  not  get  de- 
stabilized upon  mixing.  The  aqueous  droplets  act  as  constrained  nano-size  reactors  for 
the  precipitation  reaction,  as  the  surfactant  monolayer  provides  a barrier  restricting  the 
growth  of  the  carbonate  particles.  This  surfactant  monolayer  also  hinders  coagulation 
of  particles.  A schematic  representation  of  this  process  is  shown  in  figure  4. 1 . 

The  iron  hydroxide  precipitate  synthesized  in  microemulsions  was  separated  in 
a Sorvall  RC-5B  Supers])eed  Centrifuge  at  7000  rpm  for  10  minutes.  The  precipitate 
was  then  washed  in  a 1:1  mixture  of  methanol  and  chloroform,  followed  by  pure 
methanol  to  remove  any  oil  and  surfactant  from  the  particles.  The  precipitate  was  then 
dried  at  100“C.  Sintering  of  particles  is  not  expected  at  this  temperature. 

Thermogravimetric  analysis  (TGA)  was  done  on  the  dried  powder  in  air  with  a 
heating  rate  of  5°C/min  on  a DuPont  900  Series  TGA/DTA  instrument.  Differential 
thermal  analysis  (DTA)  was  done  on  the  dried  powder  in  air  with  a heating  rate  of 
10“C/min.  Based  on  the  results  of  these  analysis  (discussed  in  the  next  section),  the 
dried  precipitate  was  heated  (calcined)  at  250°C  for  5 hours  to  ensure  conversion  of  the 
hydroxide  particles  into  y-FejOj. 
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Microemulsion  I 


Microemulsion  II 


Aqueous  Phase 
Ferric  Nitrate 


Mix  Microemulsions  I and  II 


0 


Chemical  Reaction  Occurs 
(Iron  Hydroxide  Precipitates) 


Figure  4.1  Schematic  representation  of  synthesis  of  ferric 
microemulsions 
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Transmission  electron  microscopy  (TEM)  was  used  to  study  the  size  and  size 
distribution  of  the  precursor  particles  (hydroxides)  as  well  as  the  calcined  particles.  In 
order  to  study  the  precursors,  the  washed  precipitate  was  ultrasonically  dispersed  in 
methanol  prior  to  depositing  it  onto  a carbon  coated  TEM  grid.  TEM  of  the  final 
product  was  done  by  ultrasonically  dispersing  the  calcined  powder  in  methanol  prior 
to  depositing  it  onto  a carbon  coated  TEM  grid.  A JEOL  200CX  transmission  electron 
microscope  was  used  for  these  studies. 

Phase  analysis  of  the  calcined  powder  was  done  by  powder  X-ray  diffraction  on 

a Phillips  PW1700  Powder  Diffractometer  at  room  temperature  using  Cu  Ka  radiation 
at  40  kV  and  20  mA. 

Magnetization  (MH  loop)  measurements  were  done  on  an  un-oriented,  random 
assembly  of  particles  at  room  temperature  on  a Vibrating  Sample  Magnetometer  (LDJ 
9600)  with  a maximum  applied  field  of  1 kOe.  The  sample  was  prepared  by  hand 
pressing  the  calcined  powder  into  a cylindrical  pellet.  No  further  heat  treatments  were 
done  on  the  pellet. 

4.2.2  Results  and  Discussion 

Differential  thermal  analysis  (DTA)  of  the  precursor  hydroxide  powder  showed 
three  exothermic  peaks  at  225,  245  and  399°C  (see  figure  4.2).  The  first  two  peaks 
correspond  to  the  conversion  of  the  hydroxide  into  iron  oxide  and  the  crystallization  of 
y-Fe203.  The  third  peak  at  399°C  corresponds  to  the  formation  of  a-Fe203  which  is 
non-magnetic.  Therefore,  calcination  of  precursors  was  done  at  250°C. 


57 


Figure  4.2  Differential  thermal  analysis  of  ferric  hydroxide  particles 


The  TEM  micrograph  (figure  4.3)  of  the  precursor  hydroxides  show  a range  of 
particle  size  from  1 to  10  nm.  These  precursors  are  mainly  spherical  in  structure,  due 
to  the  spherical  nature  of  the  aqueous  microdroplets  in  the  microemulsions.  By  doing 
a simple  calculation  using  the  density  of  Fe(OH)j  to  be  3.4  gm/cm^  and  the  diameter 
of  microemulsion  droplets  to  be  30  nm  (experimentally  determined  by  quasi-elastic  light 
scattering),  it  was  found  that  to  form  particles  in  this  size  range,  the  microemulsion 
droplets  would  have  to  collide  and  coalesce  with  exchange  of  material  less  than  once 
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for  a 1 nm  particle  and  up  to  20  times  for  a 10  nm  particle.  This  assumes  that  each 
coalescence  and  exchange  of  material  results  in  a complete  reaction  before  the  droplets 
break  apart  again.  Therefore,  the  larger  particles  were  formed  by  multiple  collisions 
and  coalescence.  Since  the  aqueous  reaction  is  very  fast,  it  can  be  inferred  that 
nucleation  of  the  particle  takes  place  upon  the  first  coalescence  followed  by  growth  of 
particles  in  subsequent  coalescences.  The  mechanism  for  the  formation  of  very  small 
nanoparticles  (1  nm)  can  be  explained  as  follows.  Unreacted  residual  reactant  in  some 
of  the  droplets,  upon  coalescence  with  droplets  containing  the  second  reactant  results 
in  the  formation  of  a precipitate  with  very  small  size  (due  to  the  small  amount  of  the 
reactant). 


Figure  4.3  Transmission  electron  micrograph  of  precursor  iron  hydroxide  particles 
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The  TEM  micrograph  of  calcined  particles  (figure  4.4)  shows  clusters  of 
particles  with  sizes  less  than  10  nm.  Due  to  the  very  small  size  of  the  particles  and 
their  agglomeration,  it  is  very  difficult  to  accurately  determine  the  size  or  shape  of  these 
particles  from  this  micrograph. 


Figure  4.4  Transmission  electron  micrograph  of  y-FcjOj  particles 

XRD  pattern  of  the  calcined  sample  shows  that  it  contains  y-Fe203  as  the 
majority  phase  with  some  a-Fc203  too  present  as  an  impurity  (see  figure  4.5).  The 
ultrafme  nature  of  these  particles  results  in  a broadening  of  peaks  in  the  diffractogram. 
Since  the  peaks  for  both  phases  of  iron  oxide  lie  close  to  each  other,  it  is  not  possible 
to  determine  the  amount  of  the  impurity  phase  in  this  sample. 
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Figure  4.5  X-ray  diffractogram  of  iron  oxide  particles 

Magnetic  measurements  were  done  at  room  temperature  on  a VSM  with  a peak 
field  of  1000  Oe.  This  yielded  a saturation  magnetization  (M^)  of  18  emu/gm  and  an 
intrinsic  coercivity  of  62  Oe.  y-FejOj  has  coercivities  typically  in  the  range  of  300-400 
Oe.  These  low  values  may  be  due  to  the  presence  of  a-Fe20j  which  is  non-magnetic 
or  because  some  of  the  particles  may  be  superparamagnetic. 

The  magnetic  axis  of  a single  particle  is  determined  by  the  magnetic  anisotropic 
energy  of  the  particle.  At  low  temperatures,  in  the  absence  of  a magnetic  field,  the 
magnetic  axis  of  single  particles  is  randomly  oriented.  This  leads  to  zero  magnetization 
of  sample.  Under  a sufficiently  large  magnetic  field,  all  the  magnetic  axes  are  aligned. 
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giving  rise  to  saturation  magnetization.  At  sufficiently  high  temperatures,  the  magnetic 
anisotropy  energy  barrier  of  single  domain  particles  is  overcome  by  thermal  energy,  and 
superparamagnetism  occurs  wherein  coercivity  and  remanent  magnetization  of  particles 
becomes  zero.  With  a decrease  in  particle  size  (down  to  nanometer  size),  thermal 
energy  is  large  enough  at  room  temperature  to  overcome  the  magnetic  anisotropy 
energy  leading  to  superparamagnetism  at  room  temperature.  This  phenomenon  would 
explain  the  low  values  for  magnetic  properties  in  iron  oxide  particles  synthesized  using 
microemulsions  where  the  smaller  particles  may  be  superparamagnetic  at  room 
temperature. 


4.3  Synthesis  of  Cobalt  modified  Iron  Oxide 

Iron  oxides,  due  to  their  low  coercivities,  have  a serious  limitation  for  high 
density  recording  applications  [217].  Coercivities  of  iron  oxides  can  be  raised  to  well 
above  1 000  Oe,  while  retaining  their  practical  benefits  (like  good  chemical  and  physical 
stability)  by  modifying  them  with  cobalt.  Cobalt  modified  oxides  particles  are  the 
predominant  materials  used  in  video  tapes  today,  but  they  are  also  used  in  audio  tapes 
and  in  some  tapes  and  disks  for  high  density  digital  recording.  These  uses  make  cobalt 
modified  oxides  the  most  commercially  significant  particulate  recording  material  today 
[217,218]. 

Cobalt  modification  was  initially  done  by  uniformly  doping  iron  oxides  with 
Co^^  ions  to  form  cubic  or  acicular  particles.  These  were  basically  cobalt  ferrite 
(CoFc204)  particles  and  had  coercivities  greater  than  1000  Oe.  This  enhancement  in 
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coercivity  takes  place  because  the  cobalt  ions  impart  an  increased  magnetocrystalline 
anisotropy  to  the  oxide  structure  (due  to  the  coupling  of  the  spins  of  the  cobalt  ions  to 
the  iron  ions  in  the  oxide  structure).  This  results  in  particles  with  multi-axial  anisotropy 
[217]. 

Cobalt-doped  iron  oxides  are  not  completely  suitable  for  magnetic  recording 
applications  due  to  a strong  temperature  dependence  of  coercivity  and  a high  sensitivity 
to  mechanical  stress.  To  avoid  these  shortcomings,  alternate  methods  have  been 
recently  used  to  enhance  the  coercivity  of  iron  oxides.  This  was  achieved  by  surface 
coating  the  iron  oxide  particles  with  cobalt,  and  it  resulted  in  improved  stability  with 
respect  to  temperature  and  stress.  There  are  two  main  methods  for  surface  doping  of 
iron  oxides  with  cobalt.  In  the  first  method,  iron  oxide  particles  are  suspended  in  an 
aqueous  solution  of  Co^^  ions.  A base  (NH4OH  or  NaOH)  is  added  and  the  mixture  is 
heated.  This  precipitates  cobalt  onto  the  surface  of  the  particles.  The  temperature  is 
not  high  enough  to  cause  diffusion  of  cobalt  to  the  core  of  the  particle  [217]. 

In  the  second  method,  y-Fe203  particles  are  suspended  in  an  aqueous  solution 
of  both  Co^^  and  Fe^^  ions  in  the  ratio  1 :2,  and  a base  is  added  to  this  suspension  and 
heated.  A material  close  to  the  composition  of  CoFc204  precipitates  on  the  surface  of 
the  particles.  In  both  processes,  the  cobalt  content  is  3-6  percent  by  weight  [217]. 

Cobalt  modified  iron  oxides  show  uniaxial  magnetic  anisotropy,  having  a single 
preferred  axis  of  magnetization  like  the  oxide  particles  they  are  made  from.  The 
anisotropy  due  to  cobalt  reinforces  that  of  the  core  particle  due  to  the  formation  of  a 
cobalt-rich  surface.  This  uniaxial  anisotropy  and  weak  temperature  dependence  are  both 
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lost  if  these  surface-doped  particles  are  annealed  at  high  temperatures  when  cobalt 
diffuses  into  the  interior  of  the  particles  [217,218]. 

The  major  thrust  in  cobalt-modified  oxides  these  days  is  in  the  development  of 
smaller  size  particles.  This  is  to  meet  the  increasing  demands  for  high  density 
recording  applications  for  present  and  future  video  tapes.  There  are,  however,  practical 
limitations  to  how  small  these  particles  can  be.  Thermal  considerations  predict  that 
cobalt-modified  particles  smaller  than  10''®  cm^  in  volume  will  have  coercivities  that 
may  change  strongly  with  time.  Other  limitations  include  difficulty  in  manufacturing, 
and  increased  surface  to  volume  ratio,  meaning  increased  amounts  of  surfactant  are 
required  to  disperse  them  [217]. 

Cobalt-modified  iron  oxides  particles  have  been  extremely  successful  in  current 
recording  applications  and  research  is  going  on  to  improve  their  properties  to  meet 
future  requirements.  Typical  commercially  available  cobalt  surface  modified  iron  oxide 

particles  used  in  recording  media  have  sizes  of  0.3  x 0.05  pm,  coercivity  of  500  - 600 
Oe  and  magnetization  intensity  of  about  400  emu/cm^  of  coating. 

Cobalt-doped  iron  oxide  particles  (CoFe204)  have  been  synthesized  by 
coprecipitating  precursor  hydroxides  of  Co^"^  and  Fe^^  in  water-in-oil  microemulsions. 
Cobalt-modified  iron  oxide  particles  (Co  surface  coated)  have  not  been  synthesized 
using  microemulsions  since  it  would  be  very  difficult  to  control  the  uniformity  of 
surface  coating  of  cobalt  on  these  particles  in  microemulsions. 
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4.3.1  Experimental  Procedure 

The  microemulsion  system  chosen  was  the  same  as  one  described  above  except 
for  the  nature  of  the  aqueous  phase.  The  aqueous  phase  in  one  microemulsion 
contained  cobalt  (II)  nitrate  (0.01  M)  and  ferric  nitrate  (0.02  M)  while  the  aqueous 
phase  in  the  other  microemulsion  contained  ammonium  hydroxide  (precipitating  agent) 
in  a quantity  10  % greater  than  that  required  stoichiometrically  for  complete 
precipitation  of  the  hydroxide.  The  precipitate  was  separated,  washed  and  dried  as  in 
the  previous  case  to  give  cobalt-iron  hydroxide  nanoparticles.  These  particles  were 
calcined  at  600°C  to  ensure  the  complete  conversion  of  the  hydroxides  into  the  magnetic 
ferrite  (CoFc204). 

4.3.2  Results  and  Discussion 

X-ray  diffraction  of  the  calcined  sample  confirmed  the  formation  of  cobalt  ferrite 
(CoFc204)  with  no  impurities  (see  figure  4.6).  TEM  (figure  4.7)  of  the  calcined 
particles  showed  agglomerates  of  particles  less  than  50  nm  in  size.  This  means  that  all 
particles  are  single  domain  in  size  since  their  sizes  are  less  than  the  critical  domain  size 


for  cobalt  ferrite. 


Intensity  (arbitrary  units) 
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Figure  4.6  X-ray  diffractogram  of  cobalt  ferrite  particles 


Figure  4.7  Transmission  electron  micrograph  of  cobalt  ferrite  particles 
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Magnetic  measurements  were  done  at  room  temperature  on  a VSM  with  a peak 
field  of  10  kOe  (see  figure  4.8  for  the  MH  loop).  This  yielded  a saturation 
magnetization  (MJ  of  65  emu/gm,  a remanent  magnetization  (M^)  of  29  emu/gm  and 
a coercivity  of  1440  Oe  which  is  higher  compared  to  other  values  reported  in  literature 
for  unoriented  cobalt  ferrite  particles  [217].  This  indicates  that  the  particles  formed  are 
single  domain  with  no  nonmagnetic  impurities  and  that  they  are  suitable  for  magnetic 
recording  applications. 


H (kOe) 


Figure  4.8  Magnetization  loop  for  cobalt  ferrite  particles 
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4.4  Conclusions 

In  summary,  y-Fe203  nanoparticles  have  been  synthesized  using  a microemulsion 
mediated  process.  These  nanoparticles  had  low  coercivity  due  to  the  presence  of  a non- 
magnetic phase  and  superparamagnetism  in  some  particles  due  to  their  very  small  size. 
In  order  to  improve  these  magnetic  properties  (see  Table  4.2),  iron  oxide  particles  were 
doped  with  cobalt  by  coprecipitation  in  microemulsions. 

Table  4.2  Comparison  of  magnetic  properties  for  iron  oxide  and  cobalt  doped  iron 
oxide  nanoparticles 


Particle  Size 

He 

M3 

M, 

FC203 

< 20  nm 

62  Oe 

18  emu/gm 

~ 0 

CoFc204 

< 50  nm 

1140  Oe 

65  emu/gm 

29  emu/gm 

For  the  first  time,  cobalt  doped  iron  oxide  nanoparticles  (cobalt  ferrite)  were 
synthesized  using  microemulsions.  These  particles  had  high  coercivity  (higher  than 
previously  reported  in  literature  [217])  and  high  saturation  magnetization,  and  are 
suitable  for  particulate  magnetic  recording  applications. 


CHAPTER  5 

SYNTHESIS  OF  BARIUM  FERRITE  USING  MICROEMULSIONS 

5.1  Introduction 

The  hexagonal  ferrite  BaFe,20,9  has  been  traditionally  used  in  permanent 
magnets  because  of  its  high  intrinsic  coercivity  and  fairly  large  crystal  anisotropy  [227]. 
Until  recently,  these  oxides  had  very  little  application  in  magnetic  recording  media. 
Pure  barium  ferrite  has  been  used  in  many  applications  due  to  its  high  anisotropy  (like 
in  low-density  recording  on  credit  card  strips)  but  its  use  in  high-density  magnetic 
recording  was  hindered  by  excessive  particle  size  and  very  high  coercivity  [217]. 
Processes  involving  substitution  of  barium  ferrite  with  Co  and  Ti,  or  Co  and  Sn  have 

resulted  in  lower  coercivities  (~  800  Oe)  and  plate  like  particles  having  diameter  less 
than  0.1  pm.  These  particles,  due  to  their  shape  and  crystal  anisotropy,  have  potential 
applications  in  perpendicular  magnetic  recording  [228].  These  flat  platelets  of  barium 

ferrite,  with  their  preferred  axis  perpendicular  to  their  planes,  can  easily  be  oriented  in 
a coating  with  its  preferred  axis  of  magnetization  perpendicular  to  the  surface. 

Barium  ferrite  particles  (pure  and  doped)  have  very  good  physical  and  chemical 
stability.  Plate-like  particles  are  now  available  in  very  small  sizes  with  diameter  up  to 

0.05  pm  and  plate  thickness  of  about  0.01  pm.  The  magnetic  properties  of  these 
particles  are  also  satisfactory  for  magnetic  recording.  They  have  a narrow  switching 

field  distribution,  probably  due  to  the  large  magnetocrystalline  anisotropy  of  barium 
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ferrite.  Like  other  hexagonal  ferrites,  barium  ferrite  has  a uniaxial  magnetic  anisotropy 
which  is  the  sum  of  two  effects,  the  crystalline  anisotropy,  and  the  shape  anisotropy, 
which  have  opposite  effects.  This  conflict  of  anisotropies,  each  with  its  own 
temperature  coefficient,  gives  the  coercivity  of  barium  ferrite  a more  complicated 
temperature  dependence  compared  to  other  magnetic  oxides  [217]. 

In  the  past  few  years,  barium  ferrite  particles  have  undergone  intensive 
development  due  to  their  potential  in  perpendicular  magnetic  recording.  However,  these 
particles  have  been  rather  slow  to  find  commercial  applications.  Some  current 
applications  of  barium  ferrite  particles  include  their  use  in  high  density  flexible  disks 
and  digital  audio  tapes,  but  these  applications  are  rather  limited.  The  main  limitation 
of  barium  ferrite  with  respect  to  advanced  application  is  its  relatively  low  magnetization 
intensity  of  about  300  emu/cm^  of  coating.  This  is  less  than  that  of  most  of  the  acicular 
oxides  and  considerably  less  than  that  of  metallic  particles.  They  are  also  costlier  than 
the  acicular  oxides.  Therefore,  current  research  on  barium  ferrite  focusses  on  the 
enhancement  of  the  magnetization  intensity,  and  control  of  the  coercivity-temperature 
coefficients.  Addition  of  dopants  such  as  Sn  and  Zn  have  been  found  useful  in  this 
regard  [217]. 

In  the  past  decade,  there  has  been  an  increasing  interest  in  methods  for  the 
preparation  of  barium  ferrite  due  to  its  emerging  applications  in  perpendicular  magnetic 
recording  [228].  Such  technological  applications  require  materials  with  a strict  control 
of  homogeneity,  particle  size  and  shape,  and  magnetic  characteristics. 
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The  classical  ceramic  method  for  the  preparation  of  barium  ferrite  consists  of 
firing  mixtures  of  iron  oxide  and  barium  carbonate  at  high  temperatures  (~1200"C) 
[229,230].  Furthermore,  the  ferrite  must  then  be  ground  to  reduce  the  particle  size  from 
multi  domain  to  single  domain.  This  generally  yields  mixtures  which  are  non- 
homogeneous  on  a microscopic  scale.  Milling  introduces  lattice  strains  in  the  material, 
whereas  high  reaction  temperatures  induce  sintering  and  coagulation  of  particles,  both 
of  which  can  be  damaging  if  specific  properties  like  uniform  and  reduced  particle  sizes, 
and  high  coercivities  are  required  in  the  final  product  [231,232]. 

In  order  to  achieve  a homogeneity  of  ions  on  the  atomic  level  and  to  overcome 
the  effects  of  milling,  various  techniques  such  as  chemical  coprecipitation  [233-235], 
glass  crystallization  [228,236],  organometallic  precursor  method  [237,238],  aerosol 
synthesis  [239,240],  and  colloidal  synthesis  [241]  have  been  developed  to  prepare 
ultrafme  barium  ferrite.  In  this  chapter,  a water-in-oil  microemulsion  has  been  used  as 
a reaction  medium  in  order  to  produce  uniform-sized,  microhomogeneous  nanoparticles 
of  carbonate  precursors  for  the  synthesis  of  ultrafme  barium  ferrite. 

5.2  Experimental  Procedure 


5.2.1  Materials 

Barium  chloride,  ferric  chloride,  cobalt  chloride  and  tin(IV)  chloride  (>  99.9% 
pure)  were  purchased  from  Aldrich  Chemical  Co.  Ammonium  carbonate  (HPLC 
grade);  CTAB  (technical  grade);  and  n-butanol,  methanol,  and  chloroform  (all  of  HPLC 
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grade)  were  purchased  from  Fisher.  Octane  (>  99%  pure)  was  purchased  from  Sigma. 
All  reagents  were  used  without  further  purification.  Water  was  deionized  and  distilled 
before  use. 

5.2.2  Methods 

A microemulsion  similar  to  one  used  for  the  synthesis  of  iron  oxides  was  used 
for  the  synthesis  of  barium  ferrite  (see  Table  5.1  for  the  compositions).  This  system 
solubilizes  a relatively  large  volume  of  aqueous  phase  in  well  defined  nano-size  droplets 
of  stable,  single  phase  water-in-oil  microemulsions. 

Table  5.1  Composition  of  the  microemulsion  systems  used  for  the  synthesis  reactions 


Microemulsion  I 

Microemulsion  II 

Weight  fractions 

Aqueous  Phase 

0.011  M BaCl2 

0.19  M (NH4)2C03 

0.34 

+ 0.12  M FeClj 

Surfactant 

CTAB 

CTAB 

0.12 

Co- surfactant 

n-butanol 

n-butanol 

0.10 

Oil  Phase 

n-octane 

n-octane 

0.44 
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Microemulsions  were  prepared  by  solubilizing  different  salt  solutions  into 
CTAB/n-butanol/n-octane  solutions.  We  took  two  microemulsions  (microemulsion  I 
and  microemulsion  II)  with  identical  compositions  (see  Table  5.1)  but  different  aqueous 
phase.  The  aqueous  phase  in  microemulsion  I was  a mixture  of  barium  chloride  and 
ferric  chloride  solutions  in  the  molar  ratio  of  1.1:12.  Even  though,  according  to 
stoichiometry,  a ratio  of  1:12  should  be  sufficient,  an  excess  of  barium  chloride  was 
used  because  it  is  necessary  for  the  precipitation  of  Ba^"^  and  Fe^^  ions  in  the  ratio  of 
1:12  as  barium  carbonate  is  partially  soluble  in  water.  The  aqueous  phase  in 
microemulsion  II  was  the  precipitating  agent,  ammonium  carbonate,  taken  in  a 
stoichiometric  quantity  required  for  complete  precipitation  of  the  cations.  For  the 
synthesis  of  cobalt  and  tin  doped  barium  ferrite,  salts  of  Co^"^  and  Sn"*^  were  substituted 
for  Fe^"^  in  the  aqueous  phase  of  the  first  microemulsion  in  the  form  of  chlorides. 
Different  quantities  of  dopants  were  added  to  obtain  BaFe,2.2xCo„Sn,,0,9  with  x varying 
from  0.2  to  0.8. 

These  two  microemulsions  are  then  mixed  under  constant  stirring.  Due  to  the 
frequent  collisions  of  the  aqueous  cores  of  water-in-oil  microemulsions  [90,132],  the 
reacting  species  in  microemulsions  I and  II  come  in  contact  with  each  other.  This  leads 
to  the  precipitation  of  barium-ircn-carbonate  within  the  nano-size  aqueous  droplets  of 
the  microemulsion.  Since  the  two  microemulsions  (I  and  II)  are  of  identical 
compositions,  differing  only  in  the  nature  of  the  aqueous  phase,  the  microemulsion  does 
not  get  de-stabilized  upon  mixing.  The  aqueous  droplets  act  as  constrained  nano-size 
reactors  for  the  precipitation  reaction,  as  the  surfactant  monolayer  provides  a barrier 
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restricting  the  growth  of  the  carbonate  particles.  This  surfactant  monolayer  also  hinders 
coagulation  of  particles.  A schematic  representation  of  this  process  is  shown  in  figure 
5.1. 
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Figure  5.1  Schematic  representation  of  synthesis  of  barium-iron  carbonate  precursors 
in  microemulsions 
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The  barium-iron-carbonate  precipitate  was  separated  in  a Sorvall  RC-5B 
Superspeed  Centrifuge  at  5000  rpm  for  10  minutes.  The  precipitate  was  then  washed 
in  a 1:1  mixture  of  methanol  and  chloroform,  followed  by  pure  methanol  to  remove  any 
oil  and  surfactant  from  the  particles.  The  precipitate  was  then  dried  at  100°C.  Sintering 
of  particles  is  not  expected  at  this  temperature. 

Thermogravimetric  analysis  (TGA)  was  done  on  the  dried  powder  in  air  with  a 
heating  rate  of  5“C/min  on  a DuPont  900  Series  TGA/DTA  instrument.  Differential 
thermal  analysis  (DTA)  was  done  on  the  dried  powder  in  air  with  a heating  rate  of 
10°C/min.  Based  on  the  results  of  these  analysis  (discussed  in  the  next  section),  the 
dried  precipitate  was  heated  (calcined)  at  950“C  for  12  hours  to  ensure  complete 
conversion  of  the  carbonates  into  the  hexaferrite  (BaFcijOjg). 

Transmission  electron  microscopy  (TEM)  was  used  to  study  the  size  and  size 
distribution  of  the  precursor  particles  (carbonates)  as  well  as  the  calcined  particles.  In 
order  to  study  the  precursors,  the  washed  precipitate  was  ultrasonically  dispersed  in 
methanol  prior  to  depositing  it  onto  a carbon  coated  TEM  grid.  TEM  of  the  final 
product  was  done  by  ultrasonically  dispersing  the  calcined  powder  in  methanol  prior 
to  depositing  it  onto  a carbon  coated  TEM  grid.  A JEOL  200CX  transmission  electron 
microscope  was  used  for  these  studies. 

Phase  analysis  of  the  calcined  powder  was  done  by  powder  X-ray  diffraction  on 

a Phillips  PW1700  Powder  Diffractometer  at  room  temperature  using  Cu  Ka  radiation 
at  40  kV  and  20  mA. 
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Magnetization  (MH  loop)  measurements  were  done  on  an  un-oriented,  random 
assembly  of  particles  at  room  temperature  on  a Vibrating  Sample  Magnetometer  (LDJ 
9600)  with  a maximum  applied  field  of  15  kOe.  The  sample  was  prepared  by  hand 
pressing  the  calcined  powder  into  a cylindrical  pellet.  No  further  heat  treatments  were 
done  on  the  pellet. 


5.3  Results  and  Discussion 

The  transmission  electron  micrograph  of  the  precursor  carbonates  (Figure  5.2) 
shows  that  the  precursor  particles  formed  within  the  aqueous  droplets  of  the 
microemulsion  are  fairly  monodispersed  with  a size  range  of  5-15  nm.  By  doing  a 
simple  calculation  using  the  density  of  barium-iron  carbonate  to  be  4.0  gm/cm^  and  the 
diameter  of  microemulsion  droplets  to  be  30  nm  (experimentally  determined  by  quasi- 
elastic light  scattering),  it  was  found  that  the  microemulsion  droplets  would  have  to 
collide  and  coalesce  with  exchange  of  material  between  1 and  25  times  to  form  particles 
in  this  size  range.  This  assumes  that  each  coalescence  and  exchange  of  material  results 
in  a complete  reaction  before  the  droplets  break  apart  again. 
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Figure  5.2  Transmission  electron  micrograph  of  barium-iron  carbonate  particles 


TEM  of  the  calcined  powder  (Figure  5.3)  shows  barium  ferrite  particles  in  the 
size  range  of  50-100  nm,  implying  that  growth  of  particles  has  taken  place  during 


calcination. 
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Figure  5.3  Transmission  electron  micrograph  of  barium  ferrite  particles 

The  TGA  curve  (Figure  5.4)  shows  three  distinct  weight  loss  steps.  These  steps 
are  associated  with  the  vaporization  of  water  and  organic  moieties;  and  the  conversion 
of  ferric  carbonate  and  barium  carbonate  into  their  respective  oxides.  It  can  also  be 
seen  from  this  graph  that  there  is  no  weight  change  above  900°C,  indicating  the 
existence  of  only  the  oxide  above  this  temperature. 
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Figure  5.4  Thermogravimetric  analysis  of  precursor  particles 

The  DTA  curve  (Figure  5.5)  shows  an  exothermic  peak  associated  with  the  sharp 
weight  loss  in  the  TGA  curve.  A magnified  view  of  this  curve  (see  inset  of  Figure  5.5) 
shows  that  a small  endotherm  exists  around  923 °C  implying  that  phase  transformation 
to  the  hexaferrite  occurs  around  this  temperature.  Therefore,  calcination  of  the 
precursors  was  done  at  950°C  to  ensure  complete  phase  transformation. 
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Figure  5.5  Differential  thermal  analysis  of  precursor  particles 

The  XRD  pattern  for  the  calcined  powder  (Figure  5.6)  shows  all  the 
characteristic  peaks  for  barium  ferrite  marked  by  their  indices.  No  other  phases  are 
detectable.  This  confirms  the  complete  conversion  of  the  precursor  carbonates  into  the 
hexagonal  ferrite  BaFe|20|9. 
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Figure  5.6  X-ray  diffractogram  for  barium  ferrite  particles 

The  room  temperature  magnetization  curve  for  the  calcined  powder,  obtained  on 
the  VSM,  is  shown  in  Figure  5.7.  The  magnetic  property  measurements  yielded  an 
intrinsic  coercivity  (HJ  of  5397  Oe  and  a saturation  magnetization  (MJ  of  61.2 
emu/gram  (see  Table  5.2  for  a complete  list  of  magnetic  properties  measured).  This 
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high  value  of  coercivity  indicates  that  the  barium  ferrite  particles  formed  by 
microemulsion  processing  are  essentially  single  domain.  This  observation  is  also 
confirmed  by  the  fact  that  the  particles  formed  by  us  are  in  the  size  range  of  50-100 
nm.  Haneda  et  a/.  [243]  have  shown  that  using  the  theory  of  Kittel  [244],  the  critical 

domain  size  for  barium  ferrite  particles  is  about  1 pm.  Also,  direct  observation  of  the 
domain  structure  of  barium  ferrite  particles  at  room  temperature  by  Goto  et  a/.  [245] 

confirms  that  the  critical  domain  size  is  indeed  in  the  region  of  1 pm. 
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Figure  5.7  Magnetization  loop  for  barium  ferrite  particles 
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However,  the  value  of  intrinsic  coercivity,  obtained  for  our  sample  is  lower 
than  that  theoretically  calculated,  H,  ~ 6700  Oe  [246]  using  the  model  proposed  by 
Stoner  et  a/.  [247]  for  an  unoriented  assembly  of  uniaxial  single-domain  particles  in 
which  magnetization  reversal  occurred  through  uniform  rotation.  The  value  of 
saturation  magnetization,  Mj  is  also  lower  than  the  saturation  magnetization  for  single 
crystals  of  BaFe,20,9,  Mj  of  72  emu/gram  as  reported  by  Shirk  et  a/.  [248].  Haneda  et 
a/.  [234]  have  reported  that  reverse-domain  nucleation  greatly  influences  the  intrinsic 
coercivity  of  precipitated  powders.  Reverse-domain  nucleation  may  arise,  even  for 
stress-free  chemically  precipitated  barium  ferrite,  at  the  edge  of  the  particles.  This  may 
explain  the  discrepancy  between  experimental  and  theoretically  calculated  values  of 
and  Mj  for  barium  ferrite  formed  by  microemulsion  processing.  Another  reason  may 
be  poor  crystallization  of  BaFcijO,,  particles  leading  to  amorphous  impurities 
undetectable  by  X-ray  diffraction. 

Table  5.2  Magnetic  Properties  of  microemulsion  derived  barium  ferrite 


Saturation  Magnetization  (MJ 


61.2  emu/gram 


Intrinsic  Coercivity  (HJ 


5397  Oe 


Remanent  Magnetization  (M^) 


33.3  emu/gram 


Squareness  Ratio  (S,) 


0.54 


Coercivity,  (Oe) 
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In  order  to  make  these  particles  suitable  for  magnetic  recording,  the  coercivity 
of  barium  ferrite  has  to  be  lowered  to  about  1000  to  1500  Oe.  This  can  be  done  by 
doping  these  phase  pure,  single  domain  barium  ferrite  particles  with  Co  and  Sn  [249]. 
Magnetization  (MH  loop)  measurements  were  done  at  room  temperature  for  doped 
barium  ferrite  (BaFe,2.2xCo,(Sn,(0|9)  synthesized  using  microemulsions  with  values  of  x 
= 0.2,  0.4,  0.6  and  0.8.  Figure  5.8  shows  the  effect  of  doping  on  coercivity  and 
saturation  magnetization.  TEM  (figure  5.9)  of  these  doped  particles  (for  x=0.8)  shows 
a size  range  of  50  to  100  nm  (similar  to  pure  barium  ferrite). 
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Figure  5.8  Effect  of  Sn  and  Co  doping  on  coercivity  and  saturation  magnetization 
of  barium  ferrite  particles 
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Figure  5.9  Transmission  electron  micrograph  of  BaFe,o4Coo  8Sno  80,9 


By  using  figure  5.8,  we  can  prepare  barium  ferrite  with  a wide  range  of 
coercivities  (with  very  little  loss  in  magnetization)  which  will  be  suitable  for  magnetic 
recording. 

5.4  Conclusions 

In  this  chapter,  a new  process  for  the  synthesis  of  ultrafme  nanoparticles  of 
barium  ferrite  using  microemulsions  has  been  described.  These  nanoparticles  are 
essentially  single  domain  with  very  high  coercivity  and  saturation  magnetization.  These 
phase  pure,  single  domain  particles  have  also  been  doped  by  Co  and  Sn  to  reduce  the 
coercivity  and  large  anisotropy  to  make  these  particles  suitable  for  high  density 
perpendicular  recording. 


CHAPTER  6 

REACTION  KINETICS  IN  MICROEMULSIONS 
6.1  Introduction 

Over  the  past  decade  a concerted  effort  has  been  made  to  understand  the 
structure,  dynamics,  and  interactions  of  microemulsions  [259,260],  principally  because 
of  some  applications  and  specially  because  the  microemulsion  droplet  can  be  considered 
as  a microreactor  where  certain  chemical  reactions  take  place  within  the  very  small 
domain  provided  by  the  droplet.  Therefore,  suitable  control  of  the  size  of  the  droplet 
regulates  the  growth  process  for  particle  formation  in  microemulsions  [48,49]. 

It  has  been  reported  by  several  authors  [250-252]  that  in  microemulsions, 
reaction  rates  and  equilibria  may  be  altered  by  several  orders  of  magnitude  as  compared 
to  reactions  in  homogeneous  solutions.  Therefore,  much  interest  has  been  generated  in 
microemulsions  with  respect  to  their  unique  properties  as  a reaction  medium.  In 
particular,  research  efforts  have  been  devoted  to  the  use  of  the  aqueous  droplets  of 
water-in-oil  microemulsions  as  a novel  environment  for  enzyme  catalyzed  reactions 
[253,254]  and  the  potential  for  selective  synthesis  [255,256],  and  the  synthesis  of 
nanoparticles  (see  Chapter  2). 

The  reaction  rate  and  equilibria  in  microemulsions  depend  on  the  microemulsion 
composition,  structure  of  various  components  of  the  microemulsion  and  the 
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hydrophobicity  of  the  reactants  [257],  The  droplets  in  microemulsions  are  continuously 
diffusing  through  the  continuous  phase,  leading  to  collisions  between  droplets.  These 
collisions  are  inelastic  and  often  called  sticky  collisions  as  they  result  in  the  coalescence 
of  droplets  and  exchange  of  material  between  the  droplets  before  they  break  apart 
[90,132].  For  reaction  in  a water-in-oil  microemulsion  involving  reactant  species  totally 
confined  within  the  dispersed  water  droplets,  a necessary  step  prior  to  their  chemical 
reaction  is  transfer  of  reactants  into  the  same  droplet.  When  chemical  reaction  is  fast 
(close  to  diffusion-controlled),  the  overall  reaction  rate  is  likely  to  be  controlled  by  the 
rate  of  inter-droplet  transfer  of  reacting  species  or  "solubilizate  exchange"  [90]. 
Therefore,  the  nature  of  the  collision  process  of  droplets  in  microemulsions  and  the 
mechanism  of  transfer  of  reactants  between  two  droplets  (rate  of  coalescence  of 
droplets)  is  of  significance  to  the  reaction  kinetics.  Fletcher  et  a/.  [261]  have  shown  that 
for  reactions  on  the  nanosecond  time  scale  (e.g.  fluorescence  measurements),  droplets 
are  essentially  isolated,  and  no  exchange  occurs  between  droplets.  For  reactions  in  the 
microsecond  to  millisecond  time  scale,  the  inter-droplet  exchange  is  the  rate  limiting 
step  and  the  reaction  rate  depends  on  the  reactant  concentrations  in  the  aqueous 
droplets.  For  reactions  occurring  in  longer  times,  the  inter-droplet  exchange  has  no 
influence  on  the  reaction  rate  [261]. 

Moya  et  a/.  [262]  studied  the  oxidation  of  iodide  ions  by  persulfate  in  water/ 
AOT/decane  microemulsions.  They  reported  reaction  rates  which  followed  second 
order  kinetics  and  were  higher  than  those  for  the  same  reaction  in  an  aqueous  solution. 
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The  reaction  rate  decreases  with  an  increase  in  water  content  but  shows  no  dependence 
on  surfactant  concentration. 

Lang  et  a/.  [263]  have  done  a systematic  study  of  the  effect  of  oil,  surfactant  and 
cosurfactant  alkyl  chain  length,  and  temperature  on  the  rate  constant  for  reactions 
involving  exchange  of  material  between  colliding  droplets  in  water-in-oil 
microemulsions.  Their  results  were  in  agreement  with  current  theories  on  the  stability 
of  microemulsions.  They  found  that  the  rate  constant  increased  with  increase  in 
temperature  or  oil  chain  length  but  rate  constant  decreased  with  increase  in  surfactant 
or  cosurfactant  chain  length. 

Fletcher  et  al.  [90]  have  studied  the  exchange  rates  of  aqueous  solubilizates  in 
AOT  based  water-in-oil  microemulsions  as  a function  of  droplet  size,  temperature  and 
oil  chain  length.  Their  results  for  electron  transfer  reactions  indicated  that  these 
systems  exhibited  second  order  reaction  kinetics.  These  reaction  rates  were  two  to  four 
orders  of  magnitude  slower  than  the  droplet  collision  rate  as  predicted  from  simple 
diffusion  theory.  The  reaction  rate  increased  with  increase  in  temperature  and  oil  chain 
length,  but  decreased  with  increase  in  droplet  size. 

Similar  studies  have  been  described  in  this  chapter,  to  understand  this 
phenomenon  for  the  microemulsion  systems  used  for  the  synthesis  of  magnetic  oxide 
nanoparticles  by  studying  the  effect  of  droplet  size,  aqueous  concentration,  cosurfactant 
and  oil  chain  length. 

An  experimental  method  commonly  used  for  the  study  of  reaction  kinetics  in 
microemulsions  is  stopped- flow  [90].  This  method  permits  the  fast  mixing  of  two 
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reactants.  The  system  derives  its  name  from  the  fact  that  the  flow  of  the  sample  is 
stopped  immediately  after  mixing  for  monitoring  the  course  of  the  reaction.  The 
reactants  to  be  mixed  are  placed  in  two  syringes,  the  pistons  of  which  are  actuated  by 
a pneumatic  system.  The  reactants  flow  into  a mixing  chamber,  where  intimate  mixing 
is  achieved  in  1 to  5 milliseconds,  and  then  into  an  observation  chamber,  where  the 
reaction  is  usually  monitored  by  conductivity  or  optical  detection  (UV-Vis  absorption 
or  fluorescence)  [258]. 

The  objective  of  the  experiments  in  this  chapter  was  to  study  the  reaction 
kinetics  in  the  microemulsion  systems  used  for  the  synthesis  of  iron  oxide  and  barium 
ferrite  nanoparticles  and  to  study  the  effect  of  the  chemical  structure  of  various 
microemulsion  components  on  the  reaction  rate.  However,  precipitation  reactions 
cannot  be  directly  studied  using  stopped-flow  photometry  since  settling  of  particles  and 
light  scattering  from  particles  would  interfere  with  light  absorbance  measurements. 
Therefore,  it  is  important  to  select  reactants  which  do  not  precipitate  while  reacting,  but 
can  be  monitored  by  light  absorption  or  transmittance.  Keeping  this  in  mind,  an 
electron  transfer  reaction  between  sodium  hexachloroiridate(IV)  and  potassium 
ferrocyanide(II)  was  selected.  Solutions  of  these  two  salts  were  used  as  aqueous  phases 


in  the  two  reactant  microemulsions. 
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6.2  Experimental  Procedure 


6.2.1  Materials 

Sodium  hexachloroiridate(IV)  (99.9  % pure)  and  potassium  ferrocyanide(II)  (99 
% pure)  were  purchased  from  Aldrich.  Cetyl  trimethyl  ammonium  bromide  (CTAB), 
1 -butanol,  iso-butanol,  1-pentanol,  iso-pentanol,  1-hexanol,  1-octanol,  1-decanol,  n- 
hexane,  n-octane,  n-decane,  n-dodecane,  n-tetradecane  (all  technical  grade)  were 
purchased  from  Fisher  Scientific.  All  reagents  were  used  without  further  purification. 
Water  was  deionized  and  distilled  before  use.  All  experiments  were  carried  out  at  room 
temperature. 

6.2.2  Methods 

A Perkin  Elmer  UV-Vis  Spectrophotometer  was  used  for  absorbance 
measurements  on  three  microemulsion  systems.  The  first  sample  was  a microemulsion 
with  0.5  mM  sodium  hexachloroiridate  (SHCI)  as  the  aqueous  phase,  1 -butanol  as  the 
cosurfactant,  CTAB  as  the  surfactant  (0.5  M in  octane),  and  octane  as  the  oil  phase. 
This  microemulsion  had  a co„  of  44.4  and  a value  of  "z"  equal  to  5.  The  second  sample 
was  similar  to  the  first  microemulsion  differing  only  in  the  nature  of  the  aqueous  phase 
which  was  a 0.5  mM  solution  of  potassium  ferrocyanide  (PFC)  in  this  case.  The  third 
sample  was  an  equilibrium  mixture  of  samples  one  and  two,  and  has  therefore  been 
called  the  product  microemulsion.  All  three  samples  were  scanned  for  absorbance 
between  wavelengths  of  350  to  550  nm. 
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A Durrum-Dionex  model  D-110  Stopped-Flow  Spectrophotometer  was  used  to 
study  the  reaction  kinetics  in  microemulsions.  This  instrument  is  a complete  system  for 
rapidly  mixing  two  liquid  reactant  solutions  and  measuring  their  change  in  optical 
transmission  or  absorbance  as  a function  of  time.  The  reaction  is  observed  by 
photometrically  monitoring  the  transmission  of  light  through  a port  in  the  mixing 
chamber  cuvette.  The  output  level  sensed  by  the  photometer  is  applied  to  an 
oscilloscope,  where  it  is  displayed  against  a time  base.  This  data  is  then  transferred  to 
a personal  computer  through  a GPIB  port  for  data  analysis.  Monochromatic  light  is 
used  in  the  photometer  system  so  that  each  reaction  can  be  studied  at  its  optimum 
absorption  peak.  For  these  microemulsion  systems,  a wavelength  of  490  nm  was 
selected  based  on  the  UV-Vis  absorbance  measurements.  All  stopped-flow  experiments 
were  monitored  by  measuring  the  transmittance  of  light  at  this  wavelength. 

To  study  the  effect  of  droplet  size  and  aqueous  phase  concentration,  samples 
were  prepared  by  varying  co^  and  aqueous  phase  concentration  as  required. 
Concentration  of  CTAB  in  oil  was  kept  constant  at  0.5  M £ind  the  molar  ratio  of 
cosurfactant  to  surfactant,  z,  was  kept  constant  at  5. 

For  experiments  on  the  effect  of  alcohol  and  oil  chain  length,  the  concentration 
of  CTAB  in  oil  was  kept  constant  at  0.5  M.  A required  amount  of  aqueous  phase  was 
added  to  this  mixture  and  then  the  cosurfactant  (alcohol)  was  added  drop  by  drop  until 
the  mixture  became  clear  signifying  the  formation  of  the  microemulsion  phase.  The 
compositions  for  all  these  systems  are  given  in  Table  6.1. 
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Table  6.1  Compositions  of  microemulsion  systems  used  for  studying  effects  of 
alcohol  and  oil  chain  length. 


Alcohol 

Oil 

CTAB 

®o 

1 -butanol  (0.74  gm) 

octane  (5  ml) 

0.9118  gm 

22.2 

1-pentanol  (0.62  gm) 

octane  (5  ml) 

0.9118  gm 

22.2 

1-hexanol  (0.64  gm) 

octane  (5  ml) 

0.9118  gm 

22.2 

1-octanol  (0.64  gm) 

octane  (5  ml) 

0.9118  gm 

22.2 

1-decanol  (0.81  gm) 

octane  (5  ml) 

0.9118  gm 

22.2 

iso-butanol  (0.9  gm) 

octane  (5  ml) 

0.9118  gm 

22.2 

iso-pentanol  (0.7  gm) 

octane  (5  ml) 

0.9118  gm 

22.2 

1-butanol  (0.75  gm) 

hexane  (5  ml) 

0.9118  gm 

22.2 

1 -butanol  (1.02  gm) 

decane  (5  ml) 

0.9118  gm 

22.2 

1 -butanol  (0.64  gm) 

dodecane  (5  ml) 

0.9558  gm 

22.2 

6.3  Results  and  Discussion 

Figure  6.1  shows  the  results  of  UV-Vis  absorbance  measurements  on  the  two 
reactant  and  one  product  microemulsion  systems.  The  first  reactant  microemulsion 
containing  sodium  hexachloroiridate  (SHCI)  as  the  aqueous  phase  has  two  absorbance 
peaks  at  425  nm  and  490  nm.  The  second  reactant  microemulsion  containing  potassium 
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ferrocyanide  has  no  absorbance  peak  in  this  range  of  wavelength.  The  product 
microemulsion  had  a very  low  absorption  peak  at  425  nm  but  no  absorbance  at  490  nm. 
The  electron  transfer  reaction  that  has  taken  place  in  the  aqueous  phase  of  this 
microemulsion  is  as  follows; 

[IrCl,]'-  + [Fe(CN)  ^ [IrCl,]''  + [Fe(CN),]^- 

It  can  be  concluded  from  these  results  that  the  [IrClJ^'  microemulsion  system 
absorbs  light  at  425  and  490  nm,  the  product  microemulsion  system  absorbs  light  at  425 
nm,  while  the  [Fe(CN)g]'’'  microemulsion  does  not  absorb  light  in  this  range.  Since  only 
one  system  (reactant  microemulsion  1 - SHCI)  has  absorbance  at  490  nm,  this 
wavelength  was  selected  to  study  these  reactions  in  various  microemulsion  systems 
using  stopped-flow  photometry. 


Wavelength  (nm) 

Figure  6.1  UV-Vis  absorbance  for  reactant  and  product  microemulsions 
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Figure  6.2  shows  the  raw  data  (transmittance  of  light  at  490  nm  vs  time)  for  an 
aqueous  phase/l-butanol/CTAB/n-octane  microemulsion  system.  Initial  intensity 
indicates  that  the  previous  sample  which  is  present  in  the  observation  chamber.  As  the 
new  sample  enters  the  chamber,  intensity  suddenly  decreases  due  to  the  high  absorbance 
of  light  by  microemulsion  SHCI  at  490  nm.  Reaction  begins  at  the  point  denoted  t=0. 
As  reaction  proceeds,  intensity  of  light  increases  as  the  reactant  species  [IrClJ^'  is 
consumed,  and  products  are  formed.  All  results  from  this  point  onwards  in  this  chapter 
will  show  only  the  part  of  the  curve  where  reaction  is  taking  place. 


Figure  6.2  Raw  data  for  stopped-flow  photometry  of  reactions  in  microemulsions 
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Figure  6.3  is  one  such  typical  curve  for  the  same  microemulsion  system  as 
shown  in  figure  6.2.  This  figure  shows  the  results  for  two  experiments  for  the  same 
sample,  the  curves  for  both  experiments  fall  on  each  other,  showing  that  these  results 
are  highly  reproducible. 


Figure  6.3  Reproducibility  of  data  obtained  for  stopped-flow  photometry  of 
reactions  in  microemulsions 
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Experimental  data  for  all  reaction  kinetics  measurements  were  curve-fit  to  obtain 
the  order  of  the  reaction.  These  results  gave  orders  ranging  from  0.8  to  1.2  for  all 
experiments.  It  can  thus  be  inferred  that  all  reactions  in  these  microemulsion  systems 
are  close  to  first  order.  Also,  since  reactions  controlled  by  diffusion  and  collision  of 
droplets  are  expected  to  be  second  order,  it  can  be  said  that  the  predominant  factor 
controlling  these  reactions  is  the  coalescence  of  droplets  and  not  the  collision  rate 
between  any  two  droplets. 

The  results  for  effect  of  droplet  size  in  aqueous  phase/ 1-butanoI/CTAB/n-octane 
microemulsions  are  shown  in  figure  6.4.  When  the  aqueous  phase  concentration  was 
maintained  at  0.5  mM  (figure  6.4a),  microemulsions  with  co„  of  4.44  and  11.11  showed 
faster  reaction  rates  than  microemulsions  with  cOg  of  22.22  and  44.44.  This  result  can 
be  explained  as  follows.  The  droplets  of  all  microemulsions  have  a bound  layer  of 
water  (which  cannot  dissolve  the  reactant  species)  associated  to  the  interface  due  to 
double  layer  formation  [262].  At  high  co^  values,  the  droplet  size  is  large,  therefore, 
there  the  volume  of  bound  water  is  small  compared  to  the  free  water  in  the  solution. 
Therefore,  the  effective  concentration  of  reactant  will  be  lower  in  this  case  as  compared 
to  that  in  a small  droplet  where  a majority  of  the  water  is  in  the  form  of  bound  water 
[262].  Since  effective  concentration  is  higher  in  smaller  droplets,  fewer  collisions  and 
coalescence  between  droplets  will  be  required  for  the  reaction  to  reach  completion. 
Therefore,  the  reaction  will  be  completed  faster  in  these  cases,  as  eompared  to  a low 
effective  coneentration  in  the  droplet.  The  following  mathematical  analysis  can  also  be 
used  to  explain  this  point.  The  effective  concentration  of  reactant  can  be  expressed  as 
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with 


[6-2] 

where  is  the  number  of  moles  of  reactant,  is  the  total  volume  of  water,  Wj  is  the 
volume  of  free  water,  and  Wj’  is  the  volume  of  bound  water.  Assuming  that  V^'’  is 
proportional  to  surfactant  concentration  [S],  we  can  write 

V^-[S]d  [6-3] 

and  therefore 


V (l-d/(0j  1 - d/o). 


[6-4] 


where  [AJ^q  is  the  molar  concentration  of  reactant  in  the  aqueous  solution  and  co  is  the 
water  content  given  by 


0) 

O 


Therefore,  the  rate  of  the  reaction  can  be  expressed  as 


[6-5] 


lAl 

C6-6] 

where  k is  the  rate  constant  of  the  reaction.  This  expression  clearly  shows  that  as  co^ 
increases,  the  rate  of  the  reaction  goes  down.  However,  at  low  aqueous  phase 
concentrations,  the  effective  concentration  does  not  change  appreciably  with  droplet 
size,  therefore  there  is  no  change  in  reaction  rate  at  low  aqueous  phase  concentrations 
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(0.25  mM  and  0. 1 mM)  as  seen  in  figures  6.4b  and  6.4c.  This  effect  can  also  be  seen 
in  figures  6.5a  and  6.5b  where  results  for  same  droplet  size,  but  different  aqueous  phase 
concentrations  are  plotted. 


Time  (sec) 


Figure  6.4  (a) 


Transmittance  (%)  Transmittance  (%) 
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Figure  6.4  Effect  of  droplet  size  of  microemulsion  on  reaction  rate  for  aqueous 
phase  concentrations  of  (a)  0.5  mM,  (b)  0.25  mM,  and  (c)  0.1  mM 


Transmittance  (%)  Transmittance  (%) 
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Figure  6.5 


Effect  of  aqueous  phase  concentration  on  reaction  rate  in  microemulsions 
for  (a)  cOg  = 11.11,  and  (b)  = 4.44 
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Figure  6.6  shows  the  effect  of  alcohol  chain  length  on  the  reaction  rates  in 
various  microemulsion  systems  (compositions  shown  in  Table  6.1).  The  reaction  rates 
for  microemulsions  containing  1 -butanol,  1-pentanol  and  1-hexanol  and  similar  to  each 
other.  Therefore,  we  can  infer  there  is  very  little  change  in  the  fluidity  of  the 
microemulsion  as  the  cosurfactant  chain  length  is  changed  from  1 -butanol  to  1-hexanol. 
However,  when  1-octanol  is  used  as  cosurfactant,  the  reaction  rate  decreases 
significantly.  This  can  be  attributed  to  the  high  rigidity  of  the  interface  for  this  system 
due  to  the  chain  length  compatibility  effect  [264-266].  The  chain  length  compatibility 
effect  can  be  expressed  as  [266] 

[6-7] 

where  is  the  carbon  number  of  the  surfactant,  is  the  carbon  number  of  the  oil,  and 
Lj  is  the  carbon  number  of  the  alcohol.  Both  1-octanol  and  n-octane  have  8 carbon 
atoms  in  their  hydrophobic  chain.  The  sum  of  these  carbon  atoms  is  exactly  equal  to 
the  number  of  carbon  atoms  in  the  hydrophobic  chain  of  CTAB  which  is  sixteen.  This 
chain  length  compatibility  allows  the  chains  to  pack  very  well  at  the  interface  leading 
to  a very  rigid  interface.  A rigid  interface  slows  down  the  reaction  because  it  decreases 
the  coalescence  rate  of  the  microemulsion  droplets,  fewer  collisions  of  droplets  result 
in  coalescence.  Lower  coalescence  rates  means  that  reactants  cannot  come  in  contact 
with  each  other,  thus  slowing  down  the  reaction.  On  the  other  hand,  the  microemulsion 
system  having  1-decanol  as  the  cosurfactant  has  a very  fluid  interface,  and  therefore  a 
very  high  coalescence  rate  of  microemulsion  droplet  and  high  rate  of  reaction. 
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Figure  6.6  Effect  of  straight  chain  alcohols  on  rate  of  reaction  in  microemulsions 

Figure  6.7  shows  the  effect  of  branched  chain  alcohol.  It  can  be  seen  that  there 
is  very  little  change  in  reaction  rates  in  these  systems.  Therefore,  branched  chain 
alcohol  do  not  increase  the  fluidity  of  the  interface  significantly,  and  thus  do  not  change 
the  rate  of  the  reaction  very  much. 
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Figure  6.7  Effect  of  branched  chain  alcohols  on  rate  of  reaction  in  microemulsions 


Results  for  the  effect  of  oil  chain  length  are  shown  in  figure  6.8.  A chain  length 
compatibility  effect  can  be  seen  in  these  results  too  for  the  microemulsion  system  with 
dodecane  as  oil  phase  [266].  Dodecane  has  12  carbon  atoms,  1 -butanol  has  4,  giving 
a sum  total  of  sixteen  carbon  atoms,  which  is  exactly  equal  to  that  in  CTAB. 
Therefore,  systems  containing  dodecane  as  oil  phase  have  a very  high  interfacial 
rigidity,  and  therefore  a slower  reaction  rate. 


103 


Time  (sec) 


Figure  6.8  Effect  of  oil  chain  length  on  rate  of  reaction  in  microemulsions 

6.4  Conclusions 

In  summary,  in  this  chapter,  reaction  rates  in  microemulsion  systems  have  been 
examined  by  studying  the  effect  of  several  variables  like,  droplet  size,  aqueous  phase 
concentration,  cosurfactant  chain  length  and  oil  chain  length.  Two  main  conclusions 
were  reached  on  the  basis  of  these  results.  First  of  all,  as  the  droplet  size  in 
microemulsions  decreases,  the  rate  of  the  reaction  increases.  This  has  been  explained 
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on  the  basis  of  an  increase  in  the  effective  concentration  of  the  aqueous  phase  in  the 
droplets  [262].  Secondly,  chain  length  compatibility  between  the  cosurfactant,  oil  and 
surfactant  plays  a significant  role  in  determining  the  interfacial  rigidity  in 
microemulsions  systems  [264-266].  This  rigidity  causes  the  reaction  rates  in  the 
aqueous  phase/ 1-octanol/CTAB/octane  and  aqueous  phase/1 -butanol/dodecane/CTAB 
microemulsion  systems  to  slow  down  significantly. 


CHAPTER  7 

CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FUTURE  WORK 

7.1  Conclusions 


In  this  dissertation,  water-in-oil  microemulsions  have  been  used  for  the  synthesis 
of  magnetic  oxide  nanoparticles  such  as  y-FcjOj,  cobalt  doped  iron  oxide  (CoFc204), 
barium  ferrite  (BaFe,20,9),  and  cobalt  and  tin  doped  barium  ferrite.  The  aqueous  cores 
of  water-in-oil  microemulsions  were  used  as  constrained,  nanosize  reactors  for  the 
precipitation  of  precursors  which  were  less  than  1 5 nm  in  size.  These  precursors  were 
then  heat  treated  to  obtain  the  magnetic  oxide.  These  particles  were  characterized  by 
x-ray  diffraction,  transmission  electron  micrography  and  magnetic  property 
measurements. 

Chapter  3 described  solubilization  experiments  used  to  characterize  various 
microemulsion  systems.  These  results  were  used  to  select  a microemulsion  suitable  for 
the  synthesis  of  nanoparticles,  i.e.,  a system  which  solubilizes  a large  amount  of 
aqueous  phase.  Such  a system  had  CTAB  as  the  surfactant,  1-butanol  as  the 
cosurfactant  and  octane  as  the  oil  phase. 

Chapter  4 described  the  synthesis  of  y-Fc203  and  cobalt  doped  iron  oxide 
(CoFc204)  using  a microemulsion  system.  The  y-Fc203  nanoparticles  had  a low 
coercivity  and  saturation  magnetization  due  to  the  presence  of  a-Fc203  as  an  impurity 
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phase  and  due  to  superparamagnetism  in  some  of  the  smaller  particles.  However,  cobalt 
doped  iron  oxide  (CoFe204)  nanoparticles  synthesized  using  microemulsions  had  high 
coercivity  (higher  than  reported  in  literature)  and  high  saturation  magnetization,  and 
were  suitable  for  magnetic  recording  applications.  This  is  the  first  report  of  the  use  of 
microemulsions  for  the  synthesis  of  cobalt  ferrite  particles. 

Chapter  5 described  the  synthesis  of  barium  ferrite  nanoparticles  using 
microemulsions.  These  particles  have  very  high  coercivity  and  saturation 
magnetization.  To  make  them  suitable  for  magnetic  recording  applications,  they  were 
doped  with  cobalt  and  tin  to  reduce  the  coercivity.  A curve  was  thus  obtained  to  tailor 
barium  ferrite  particles  of  required  coercivity  without  much  loss  in  saturation 
magnetization.  This  is  also  the  first  time  that  microemulsions  have  been  used  for  the 
synthesis  of  barium  ferrite  particles. 

The  effects  for  various  components  of  the  microemulsion  on  reaction  rates  were 
studied  in  Chapter  6.  It  can  be  inferred  from  the  results  that  chain  length  compatibility 
plays  a very  important  role  in  determining  the  interfacial  rigidity  in  microemulsions. 
This  controls  the  rate  of  the  reaction,  a fluid  interface  increases  the  rate  while  a rigid 
interface  reduces  the  rate  of  the  reaction.  It  can  also  be  concluded  that  the  droplet  size 
of  microemulsions  has  an  effect  on  reaction  rate  as  well.  For  high  aqueous  phase 
concentration,  as  the  droplet  size  increases,  the  rate  of  the  reaction  decreases  due  to  a 
decrease  in  the  effective  concentration  of  reactant  in  a droplet.  This  effect  disappears 
at  low  aqueous  phase  concentrations. 
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7.2  Cost  Analysis  and  Recycle 

Although,  there  has  been  a lot  of  research  on  the  synthesis  of  nanoparticles  using 
microemulsions,  there  has  been  no  effort  to  try  to  scale-up  this  process  and  make  it 
commercially  and  economically  viable.  The  main  obstacle  is  the  use  of  surfactants  and 
several  organic  solvents  in  large  quantities.  If  a method  can  be  devised  for  the  recycle 
and  re-use  of  these  components  (as  shown  in  figure  7.1),  this  technique  could  then  be 
scaled-up  for  commercial  purposes.  After  separation  of  particles  by  centrifugation,  the 
supernatant  can  be  separated  into  a mixture  of  oil,  surfactant  and  cosurfactant,  probably 
by  distillation.  These  components  can  be  used  again  to  make  new  microemulsions. 
Solvents  used  for  washing,  such  as  methanol  and  chloroform  can  also  be  recycled  after 
separation  from  the  supernatant.  A systematic  study  should  be  made  to  determine  the 
percentage  of  all  these  chemicals  that  can  be  separated  from  the  supernatant,  and  an 
economic  analysis  should  be  done  before  commercial  use  of  this  process  is  possible. 

A preliminary  cost  analysis  for  the  synthesis  of  barium  ferrite  using  a aqueous 
phase/ 1-butanol/n-octane  microemulsion  system  was  done  taking  into  account  the  cost 
of  raw  materials  (chemicals)  used.  These  prices  are  for  high  purity  laboratory  reagents, 
prices  for  chemicals  purchased  in  larger  quantities  are  expected  to  be  much  lower.  For 
reactions  in  microemulsions,  the  product  yield  is  usually  of  the  order  of  75  to  80  %,  the 
rest  of  the  product  is  lost  during  centrifugation  and  separation.  Therefore,  the  cost 
analysis  has  been  made  for  75  % and  100  % yield,  based  on  0,  80,  90  and  100  % 
recycle  of  oil,  surfactant  and  cosurfactant  (see  Table  7.1  for  results).  This  analysis  is 
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based  on  a typical  laboratory  scale  reaction  where  about  0.5  gm  of  barium  ferrite  is 
produced. 

Table  7.1  Cost  analysis  for  the  preparation  of  1 gm  of  barium  ferrite  using 
microemulsions 


100  % yield 

75  % yield 

No  recycle 

$ 8.16  per  gram 

$ 10.88  per  gram 

80  % recycle 

$ 2.05  per  gram 

$ 2.74  per  gram 

90  % recycle 

$ 1.29  per  gram 

$ 1.72  per  gram 

100  % recycle 

$ 0.53  per  gram 

$ 0.70  per  gram 

These  results  clearly  show  that  the  cost  is  reduced  by  a factor  of  four  if  80  % 
of  the  organics  are  recycled.  Therefore,  recycling  is  an  important  aspect  to  be 
considered  for  scale-up  and  commercialization  of  this  process. 
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Figure  7.1 


Recycling  and  re-use  of  organics  for  reaction  in  microemulsions 


SURFACTANT 
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7.3  Recommendations  for  Future  Work 

From  the  present  work,  it  is  evident  that  further  studies  and  experiments  need 
to  be  performed  in  the  following  areas  briefly  described  below. 

For  the  synthesis  of  cobalt-modified  iron  oxide,  surface  doping  of  iron  oxide 
nanoparticles  with  cobalt  using  microemulsions  should  be  attempted.  If  successful,  this 
would  result  in  a better  material  for  particulate  magnetic  recording  [217]  as  well  as 
demonstrate,  for  the  first  time,  coating  of  particles  in  microemulsions. 

Quasi-elastic  light  scattering  (QELS)  experiments  on  all  microemulsion  systems 
studied  in  this  work  should  be  done  to  measure  the  droplet  interaction  in  these  systems. 
This  would  be  useful  in  explaining  some  of  the  results  of  solubilization  experiments  as 
well  as  the  chain  length  compatibility  effects  in  the  reaction  kinetics  studies.  QELS  can 
also  be  used  to  measure  droplet  sizes  in  microemulsions  before  and  after  reactions. 
This  may  lead  to  development  of  methods  to  control  and  produce  particles  with 
narrower  size  distributions  in  microemulsions. 

The  interfacial  compositions  of  microemulsion  systems  used  for  solubilization 
experiments  (see  Chapter  3)  can  be  determined  by  Schulman-Bowcott  plots  of  these 
systems  for  various  values  of  z.  This  will  give  further  insight  to  the  solubilization 
phenomena. 

Nanoparticles  can  be  synthesized  in  various  microemulsion  systems  by  varying 
the  alcohol  and  oil  chain  length  to  study  the  effect  on  particle  size  and  shape,  and 
magnetic  properties.  These  results  may  be  correlated  to  chain  length  compatibility 
effects  seen  in  the  reaction  kinetics  studies.  It  would  also  be  interesting  to  study  the 
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effect  of  calcination  conditions  (time  and  temperature)  on  the  magnetic  properties  and 
size  of  barium  ferrite  nanoparticles  synthesized  using  microemulsions. 

In  order  to  better  understand  the  reaction  mechanism  in  microemulsions,  NMR 
and  ESR  studies  can  be  used  to  study  the  rigidity  or  fluidity  of  interfaces  in 
microemulsions.  These  results  can  then  be  correlated  to  stopped-flow  reaction  rate 
studies.  Mathematical  modelling  of  the  complex  dynamic  processes  in  these  systems 
should  also  provide  a valuable  insight  into  this  phenomena. 
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